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Book is dedicated to presentation of fundamental questions of ) 
nanosecond pulse technique: to transient processes in distributed 
systems, generation and impulse shaping, to their conversion, 


amplification and recording. 


Bases of theory, methods and principles of nanosecond pulse 
technique are examined, physical processes are illuminated, 
calculations of specific diagrams and elements are presented, 


technical characteristics of devices/equipment are given. 


Book is intended for engineers, who work in region of radio 
electronics and who carry out development, by design and by 
application of pulse equipment, instructors and students of vUZ [ - 


Institute of Higher Education]. 
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Page 3. 
PREFACE. 


Present monograph is attempt at systematic presentation of new 
scientific discipline, which arose and which developed in last ten 
years - nanosecond pulse technique. In the book the work of the 
authors (S ¢hapters 1, 2, 3, 5, 6, 9 and 10) are presented, and are 
also used other materials, published in the Soviet and foreign press. 
Chapters 1, 3, 4, 10, 11 and § 1, 4, 5 Ehapters 8 are written by G. V. 
Glebovich, while Chapters 2, 5, 6, 7, 9 and § 2, 3 €hapters 8 - by L. 


A. Morugin. 


Authors express gratitude to professor, to Dr. of Technical 
Sciences Ya. S. Itskhoki, to docent, Cand. of Pecha tectencex N. I. 
Ovchinnikov and to docent, Cand. of tech. sciences T. M. Agakhanyan 
for the valuable observations, made by them during reading of the 


book. 
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INTRODUCTION. 

Development of pulse technology in recent years follows path of 
mastery/adoption of range of pulses of short duration. Not more than 
ten years ago the fundamental range of the pulse durations was 
microsecond range; at the present time it arose area of technology, 
that is occupied by obtaining and using the pulses, into thousands of 
times of of shorter, nanosecond pulse technique. This direction 
reflects the changes, which occurred recently in the development of 
technology as a whole: transition/junction to the increased speeds, 
use of the quick-flowing reactions, increase in the accuracy of 
measurements. Investigations into the field of nuclear physics, 
ferrites, semiconductors, the new works in the technology of shf/SvCh, 
etc. required the creation of the equipment, capable of recording the 
processes, which last the billionth fractions of a second and even 
shorter intervals of time. The methods of nanosecond pulse technique 
found use in the radar, the radio gage teciinology, communication 
equipment and some other regions. The resolution of the problem of an 
increase in the operating speed of electronic computers depends 
substantially on the successes of nanosecond pulse technique. All 
these facts defined the position of nanosecond pulse technique as one 


of the most promising branches of radio engineering. 


Problem of nanosecond pulse technique is generation, conversion 
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and recording pulse oscillations/vibrations, i.e., the same problem, 
which stands also before pulse technique in usual understanding of 
; this term, i.e., before microsecond pulse technique. However, 
essential difference in the objects of conversion leads to the 


fundamental difference in the methods of the solution. 
Page 5. 


The width of the pulse spectrum of nanosecond duration is into 
thousands of times more than the width of the pulse spectrum of 
microsecond duration; the spectrum of nanosecond pulses stretches from 
the relatively low frequencies to the frequencies, which correspond to 
the oscillations/vibrations of shf/SVCh. In accordance with this all 
devices/equipment, utilized in the nanosecond pulse technique, must 
work in the range, in thousands of times which exceeds the range, in 


which work the devices/equipment in the "classical” pulse technique. 





Extremely wide pulse spectrum of nanosecond duration does not 
make it possible effectively to utilize as linear elements of circuit 
diagrams with lumped parameters. This fact led to the 
general/universal application in the nanosecond pulse technique of 
distributed circuits. It is necessary to keep in mind which during 
the use of the distributed systems in the nanosecond range is 
necessary to consider the series/row of the specific phenomena, which 


they usually disregard in the microsecond range (loss in the 





dielectrics, the distortion of pulses on small heterogeneities, etc.). 
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As is known, effectiveness of work of tubes in pulsed operations 
is determined in essence by its quality. In the last decade the 
duration of operating pulses decreased to thousands of times, whereas 
the quality of tubes increased only several times. Because of this 
the effectiveness of the work of vacuum-tube circuits in the 
nanosecond pulse technique proved to be immeasurably lower than in the 
microsecond pulse technique. It is obvious that in proportion to 
further development of nanosecond pulse technology to the side of the 
shortening of the pulse duration the disruption between increase in 
the quality of tubes and width of oscillation spectrum will become 
more perceived. Deficiency in vacuum-tube circuits noted above leads 
to the need for transition/junction to other active elements (for 
example, to tunnel diodes, to ferrites, etc.) and to the need for the 
review of the methods of formation and converting the pulses, to a 
considerable degree transferred into the nanosecond pulse technique 


from the pulses technique of: larger duration. 


Thus, from point of view of obtaining pulses of short duration 
fundamental question in work of vacuum-tube circuits is question about 


steepness of edges of pulses generated by them. 
Page 6. 


The need of increasing the steepness of the pulse edges led to the 
development of new oscillator circuits, in particular the diagrams, in 
which are utilized the tubes with the secondary emission, the 


phenomenon of the recirculation of pulses, etc. However, these 
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measures do not make it possible to obtain pulses with the 
Slope/transconductance of front of more than 10*° v/se¢é. The 
considerably greater possibilities in this respect possess the 
diagrams of formation with the commutating elements (steepness of 
front of approximately 10'* V/see). The radical solution of obtaining 
the periodic steep-sided pulses was the use of shock electromagnetic 
waves in the distributed nonlinear systems, with the aid of which it 
is possible to form pulses with the steepness of front of | 
approximately 10!‘ V/see. The new possibilities of generation and 
amplifying the pulses of short duration open/disclose 
transition/junction from the vacuum-tube circuits to the solid-state 


element circuits, in particular on the tunnel diodes. 


Great difficulties appear during recording and in measuring 
parameters of nanosecond pulses, especially when their duration less 
than nanosecond. At present high-quality transmission and 
oscillography of such pulses noticeably lag behind the methods of 
their formation. Appearance of the tunnel diodes and other high speed 
semiconductor devices, which make it possible to obtain the pulses of 
very short duration on the low stress level, raised requirements for 
the oscillographs. The requirement of the high sensitivity of 
oscillograph with the high time resolution is very difficult to 
fulfill. During recording of the repeating pulses this difficulty is 


overcome by using the stroboscopic method of oscillography. 


In spite of ever larger need for use of nanosecond pulses and 


DOC = 88076701 ; PAGE 8 


ws 
increasing number of investigations in area of nanosecond pulse 
technology, still is perceived deficiency both in development of 


series/row of important questions of theory and in conducting of 


experimental investigations. Therefore it is advisable to dedicate 
present monograph to both the solution of the series/row of the urgent 


problems of nanosecond pulse technique and to systematic presentation 


of its contemporary state. 





DOC = 88076701 PAGE 9 
Page 7. 


CHAPTER ONE. 
TRANSIENT PROCESSES IN TRANSMISSION LINES. 


Active width of spectrum of video pulses stretches by duration of 
order of 10°°-10"?° s to frequencies of order of several gigahertz. 
Therefore very wide-band circuits are required for the formation, the 


transmission and converting such pulses. 


In technology of microsecond pulses operations above pulses 
indicated successfully are realized in circuits with lumped parameters 


and only sometimes distributed systems are utilized [1, 2]. 


In nanosecond pulse technique application of circuits with lumped 
parameters is very limited [3]. Even with the perfection of the 
constructions/designs of circuits with the lumped parameters the 
unavoidable presence of stray inductances and capacities/capacitances 
does not make it possible to obtain the time constants of circuit 
considerably less than 0.1 ns. Therefore formation and conversion of 
pulses with the duration are less than one nanosecond, and that more 
their transmission with the aid of the circuits with the lumped 


parameters they prove to be impossible. 


In connection with this in nanosecond pulse technique distributed 


systems increasingly more widely are utilized. The miniaturization of 


DOC = 88076701 PAGE 10 


different parts, electronic and especially semiconductor devices makes 
it possible to create the construction/design of devices/equipment for 
the generation, amplifications, conversions and recordings of 
nanosecond pulses with the coaxial and strip lines. The application 
of non-uniforms circuit permits implemention of a transformation of 


pulses, amplitude control and correction of their form. 
Page 8. 


Thus, distributed systems in the form of lines of transmission of 
different types compose base of many devices/equipment. For the 
evaluation/estimate of the quality of such devices/equipment and their 
calculation it is necessary to know frequency properties and transient 


responses of lines. 


In nanosecond range of pulse durations in examination of 
transient processes in transmission lines it is necessary to consider 
some properties of lines (loss in dielectrics, small heterogeneities), 
which were not essential for microsecond pulse technique and therefore 


usually they were not considered. 
1.1. COAXIAL LINES AND THEIR TRANSIENT RESPONSES. 


Most widely used by line transmission, utilized in nanosecond 
pulse technique, is coaxial uniform line. This two-wire circuit 
consists of the continuous internal and hollow external of cylindrical 


conductors. Space between the conductors in the majority of the cases 
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is filled with high-frequency dielectric. If the diameters of 
conductors are constant/invariable along the line, then this line is 


uniform. 


Fundamental type of electromagnetic wave, which is propagated 
along line, is wave of type TEM, whose electrical and magnetic fields 
are mutually perpendicular and arranged/located at right angle to 


Girection of propagation of wave. 


Besides rigid constructions/designs of coaxial lines 


radio-frequency coaxial cables most frequently are utilized. 


Frequency properties of cable upon consideration of losses and 


conductors and dielectrics. 


Primary parameters of coaxial line are effective resistance R, 
inductance L, capacity/capacitance of C and shunt conductance G. The 
secondary parameters of line are the functions of primary. They 
include wave impedance p and propagation constant y=$+ja, where B - 


decay constant and a - constant of phase displacement. 
Page 9. 
The primary parameters of line and the propagation constant usually 


are determined per unit of the length of line. 


In region of high frequencies interesting us secondary parameters 
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of line are defined through primary by following expressions [4]: 


- wave impedance 


—__/ Rt jel aa 
= G+ jac ~ a (1.1) 


- propagation constant 


THEO TROT OH is tect ieee 
=> S+4V e+ 
+iy/ waa EV Se SV By. (1.2) 

where fn, Bf; - respectively attenuation per unit length, caused by 
losses only in conductors, and attenuation per unit length, caused by 
losses only in dielectric of line; 

a - phase constant, defined both by values wf reactive/jet, and 
effective resistance of line taking into account lead loss and 


dielectric. 


. Primary parameters are determined from following formulas: 


- effective resistance of line 


Raat ViamoE (+ x) { (S|: "  (1.8) 


- inductance 


La Ly by = (P+ n)tE nt In £2. = (|: (1.4) 





- dielectric conductance 
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G=eCtg? | ax]: (1.5) 
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Here L, - internal inductance of cable (total inductance of 
conductors, found taking into account surface effect in them); 
Ly, - external (interconductor) inductance of line; 

M and Pa - respectively magnetic permeability of the material of 

conductors and material of the dielectric between the conductors; 
foe - specific strength of materials of conductors, Q2*mm?/m; 

r, and r, - radii of internal continuous and external is gentle 

conductors, m; 


tg 6 - dielectric power factor of the material of dielectric. 
All enumerated parameters are related to unit of length of line. 


Besides parameters indicated is of interest wave propagation 


velocity along line 





= Fie {/cex) (1.6) 


Key: (1). m/s. 


and the transit time of the wave front on the section of line with a 
length of one meter, which is otherwise called delay time per unit of 


the length 
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tao =yLC. (1.7) 


If line uniform and is loaded to the effective resistance, equal to 


its wave impedance, then the complex transmission factor of the line 
K=|[Rle = e-™ , (1.8) 


where / - length of line. 


If we do not consider lead loss and dielectric, then modulus of 
transmission factor will be constant value, but phase response will be 
determined by expression 


9 (@) = 0V LC I = wf gol = of. 
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This line would possess ideal characteristics and it would not 


introduce distortions into transmitted by it pulses. 


In real cases of transmission of nanosecond pulses, active width 
of spectrum of which is very considerable and stretches to frequency 
on the order of 10 GHz, it is necessary to consider losses both in 
conductors and in dielectric. In-connection with this are of 
considerable interest the frequency properties of the real coaxial 


transmission lines, and first of all of coaxial cable. 


As show measurements of losses in coaxial cable with uniform 


polyethylene filling, lead loss have prevailing value at relatively 
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low frequencies. Losses in the dielectric become commensurate in the 
value with the lead loss at frequencies of 1.5-3 GHz, and at the 
higher frequencies losses in the dielectric have prevailing value. 
Fig. 1.1 for cable RK-6 gives the graph/diagrams of the frequency 


dependence of attenuation in conductors f, and in dielectric 6, [5]. 
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Fig. 1.1. Dependence of components of attenuation f, and ®# cable 
RK-6 on frequency. 


Key: (1). GB/m. (2). MHz. 
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For evaluation/estimate of distortions of pulses of microsecond 
duration during their propagation according to cable it suffices it 
was sufficient to know frequency properties and transient responses of 
cable taking into account losses only in conductors [6]. During the 
investigation of transient processes in the cable during the 
transmission of nanosecond pulses it is necessary to know frequency 
properties and transient responses of cable taking into account lead 


loss and dielectric. 


Let us examine general expression for propagation factor (1.2). 
The complete inductance of coaxial cable ,=1,+L,,, but, aS can be seen 
from (1.4), at the high frequencies occurs inequality 1,<L,,. Therefore 


it is possible to record 
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oV LC =0V (Ey Fln)C= oy Ln (1 +4 i>) 


or, using expression (1.4), 


o VIC + @eV1,,C +5, y @, 
where ‘5 
ey nt Uo) 
= SV? (24+) [22°]. (9) 


Key: (1). s 


Then for decay constant and phase constant according to 


expressions (1.2), (1.3) and (1.9) we find 
— G L ‘an 
B=fatPa=bVeteYVF["], (1.10) 


2 (2) 
a=0/ Tat Fb, / e+ Bb [A]. i) 


Key: (1). NP. (2). rad. 


For determining attenuation due to losses in dielectric it is 
necessary to know value tg &. Losses in the dielectric depend on 
frequency; however, analytical expression for this devendence is not 
known. In the case of polyethylene filling are known the experimental 
data for the attenuation in the cable both due to the lead loss and 
due to the losses in the dielectric, obtained as a result of special 
measurements over a wide range of frequencies. Is known also the 
graph/curve, which determines the character of the dependence of the 


loss tangent in cable polyethylene on frequency [4]. 


Page 13. 
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On the basis of experimental data is located formula, with the 
aid of which it is possible to approximate dependence of loss tangent 
in polyethylene on frequency. Since losses in the dielectric sense 
has to consider only at the high frequencies, beginning from several 
hundred megahertz, then the approximation of the graph/diagram of the 
frequency dependence of the loss tangent in the frequency region from 
hundreds of megahertz to 10 GHz is of greatest interest. In this 
frequency region dependence tg 5 on the frequency can be approximated 


by formula [5] 





a1 Ve (1.12) 


83h’ 


where constant a,#1.2+10-* sec**#/rad% and m=2+y0-?2 sec/rad. 


Conductivity of cable G at high frequencies according to formulas 


(1.5) and (1.12) is determined by expression 


a,wl2C 1.13 
G= l+me (1.18) 





Using this formula and expression for the losses in dielectric 6, we 
find attenuation in the cable due to the dielectric. The results of 


calculation satisfactorily coincide with experimental data [5]. 


On the basis of expressions (1.10), (1.11), (1.13) and (1.2) for 


propagation constant we will obtain 
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awl? 


Y=b,fo+ Tat 





(4 Va awl? , 
: _— po 1~o— 1+-me 
where +ils Y Lunl + 6, / ay (ove ies) | (1.14) 
a=PLyC 4. 
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Then transmission factor of coaxial cable according to (1.8) will 


take form 


Rae loro] (78+ 2) 4 (Veet 


-— awd? \3 -! 
gaye te ms) . (1.15) 


20 Y LoaC 


Passband of cable can be found, if we use expression for modulus 


of transmission factor, which on the basis (1.15) will be recorded as 


follows: 


@/2 


Ki =exp[—1(6, /e+ fee) Jaeer. (1.16) 


Cut-off frequency of passband is equal to frequency with which 


transmission factor it decreases on 3 dB relative to its value at low 


frequencies. For the evaluation/estimate of the modulus of the 


transmission factor of the most frequently utilized in the nanosecond 


pulse technique cables it is necessary to know the values of 


coefficients b, and a, given in fable 1.1. Coefficient b, is 


calculated according to formula (1.9) taking into account correction 


for the fact that the internal conductor in some cables multiple, and 


external conductor is carried out in the form of braid/cover. 


Fig. 1.2 gives dependences of cut-off frequency of passband of 
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cables on their length. 


formula (1.16) when 
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| Cut-off frequency f,, was calculated from 
\Kl =0.707. 
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Table 1.1. 
manatee b,[10 Se'/4/ u) | alo" cen*lels- pad'/s} 
PK-100-7-13 3,25 3,0 
PK-75-4-15 4,35 3,0 
PK-75-4-1- 5,3 3,3 
PK-3 2,15 3,2 
PK-6 2,14 3,0 
_ PK-50-11-13 2,16 31 


Key: (1). Type of cable. (2). Values of coefficients. (3). ... 


sectl?/m. (4). ... sec**/m-rad??. 
Page 15. 


From the figure one can see that the frequency grows/rises at a small 
length of cable and it becomes almost identical for all cables. With 
an increase in the length of cable the frequency is reduced for the 
different cables differently. At a small length of cable (1-3 m) its 
broad-band character is more than 3 GHz and losses in the dielectric 
have prevailing value. The values of these losses for the cables of 
different brand are almost identical, since constant a, which 
determines attenuation 6, for these cables is sineat ideneical. At 
the large length of cable the lead loss have prevailing value. Since 
the value of constant b,, entering the expression for attenuation fn, 
is different for the cables of different brand (fable 1.1), the 


difference in the broad-band character of cables at their larger 


length is more noticeable. 
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Fig. 112. Dependence of cut-off frequency of passband of cables on 


their length: 





taking into account losses in dielectric and in 
conductors; ---- taking into account losses only in conductors. 


Key: (1). MAR, 
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Let us note that the curves virtually coincide for the cables of the 


type RK-3, RK-6 and RK-50-11-13. 


In the same figure dotted line gave cut-off frequency of cable 
RK-50-11-13, obtained without taking into account losses in 
dielectric. As is evident, the disagreement by continuous and dotted 
curve is very considerable at a small length of cable, which indicates 


the need for the account of dielectric losses at a small length of 
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cables. 
Transient responses of coaxial cables. 


Knowing formula (1.15) for transmission factor, it is possible to 


obtain expression for transient response of cable: 


ce 
A(t. =o f Te el Td, (1.17) 
—~0O 


where t,=t—/lY1L,,C=t—t,; t, ~ Gelay time of cable by length /. The 
determination of the resultant expression of the transient response of 
cable by the Fourier integral method or with operating method is 
connected with the great difficulties due to the complexity of 
expression for the transmission factor (1.15). Even approximate 
solution of problem for the low values of t, and / leads to the very 
awkward expressions. Therefore transient response can be either found 
with grapho-analytic method from the real frequency characteristic of 


coaxial cable or it is calculated on the electronic computer. 
Page 17. 


Real part of transmission factor on the basis (1.15) has 


expression 


(#25) 


Re(K)=P(o)=e 1 cos (lb, Ya), (1-18) 


where it is taken into consideration, that for real cables in 


interesting us frequency region occurs inequality 
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3/2 
( bd; Yo— om = 
+ me 4 
2eVinc |< V*i 
furthermore, in value of argument of cosine is rejected/thrown term 
loVLuC, since it determines linear increase of phase shift during 


emission of the signal along line, i.e., is of interest only during 


evaluation of signal delay. 


Grapho-analytically transient response is found in the form of 


Sums 


k . 
A (t) = > Ai (t), 
ix! 
where 


® 
0 


Ay (eb (ete (©) sin wldw. 


Function P(w) is represented in the form of finite number of 


terms: 
P(o)= yi (@). 


i=1 


Triangles are taken as elementary functions p,(m).For this 
dependence P(w) is approximated by the sum of triangles, and then 
transient response is calculated with the aid of the appropriate 


formulas and fables [7]. 


Grapho-analytically calculated transient responses for set of 


ToS armen Ie eS ai eR mm FT 
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cables at their different length. Then transient responses were 
calculated with the aid of computer BESM-2. The results of 
calculations, obtained by both methods, gave satisfactory coincidence 


[8]. 


As example Fig. 1.3 gives transient responses of cable 
RK-50-11-13 for sections/segments length 1, 5, 10 and 30 m. The same 
figure gives the transient responses of this cable, calculated taking 
into account losses only in the conductors (dotted curves). Cable 
RK-50-11-13 has the transient responses, very close to the 


characteristics of cables RK-3 and RK-6 [9]. 
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Fig. 1.4 gives transient responses of cable RK-75-4-15 with 
length of 5, 10 and 20 m, obtained in the case of account of lead loss 
and dielectric. Due to the lead loss dielectric are 
weakened/attenuated the high-frequency components of signal, which 
leads to the decrease of the slope/transconductance of the frontal 
part of transient response. This slope/transconductance is 
proportional to cut-off frequency 7, of the passband of line and is 


approximately equal to §,=(12+13)frp {9}. 


Transient response of cable (Fig. 1.4) cen be divided in two 
sections: rapid build-up/growth of function A(t,) and its slow 
build-up. Comparing continuous and dotted curves (Fig. 1.3), it is 


easy to see that the slope/transconductance of the first section of 


Seen 
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transient response upon consideration of losses only in the conductors 
is noticeably more than mutual conductance, obtained taking into 
account lead loss and dielectric. The difference in the 
slope/transconductance is more noticeable, the less the length of 
cable, i.e., when the specific significance of losses in the 


dielectric is more. 
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Fig. 1.3. Transient responses of cable RK-50-11-13 of length 1, 5, 10 





and 30 m: taking into account losses only in conductors; ---- 
taking into account lead loss and dielectric. 


Key: (1). ns. 
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| Actually, the less the length /, the greater the cut-off frequency of 
passband (Fig. 1.2), and losses in the dielectric already predominate 


| at frequencies of more than 3 GHz. 
Transient responses of coaxial cable are characterized by fact 


that time of establishment of transient processes, determined usually 
| at level 0.1 and 0.9 from steady-state value, proves to be very great 


and does not reflect value of time of establishment #,, which 


determines distortions of edge of pulse transmitted through cable. 


This is explained by the slow build-up of the second section of 


BS er erge me me 8, 
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transient response (Fig. 1.4). As is evident, value A(t,)=0.9 proves 
to be not characteristic. Therefore the evaluation of the transient 
response of cable according to the determination of the time of 


establishment accepted is unsuitable. 
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Fig. 1.4. Transient responses of cable RK-75-4-15 with length of 5, 
10 and 20 m, obtained taking into account lead loss and dielectric. 


Key: (1). ns. 
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For calculating duration of edge of pulse 1¢,, at output of linear 


network we will use known relationship/ratio 
7. 42 
to, = V i =F ty , 


where j, - duration of pulse edge at input, 


ty - time of establishment of transient response of line. 


Knowing ft, and t», (they are measured at level 0.1 0.9 from 
amplitude value of pulse), it is easy to find value t,, which can be 
approximately accepted for time of establishment of transient response 


of coaxial cable. The calculations of the shape of pulse at the 


> 
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output of cable according to the assigned shape of pulse at the input 
and the known transient response, carried out in electronic computer 
[10], make it possible to determine ¢, and then t,. It proves to be 
that the time of the establishment of transient response can be 
rated/estimated on the time interval, included between the points of 
intersection with tangent to the transient response (at point 
A(t,)=0.5) with the axis of abscissas and the line, which corresponds 
to A(t,)=1. In Fig. 1.4 tangent is carried out to the transient 


response of cable RK-75-4-15 with a length of 10 nm. 


For analysis of transient processes in cable under influence of 
nanosecond pulses it is desirable to have resultant expression for 


transient response, and not to resort to grapho-analytic calculations. 


In the case of account of losses only in conductors of cable in 
expression (1.15) one should assume a=0, and then integral (1.17) 
easily is calculated, and transient response is expressed by known 


dependence [6]. 


A(t, )=1 —% (te) (1.19) 
where (SA) - function of Kramp [transliterated]; 6=—6,y2. 


Numerical calculations of transient responses of coaxial cables 
taking into account lead loss and dielectric show that for transient 
response of coaxial cable with polyethylene filling can be proposed 


expression, obtained as a result of changing formula (1.19): 


weet te « 
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A(t, )=1 —o( = rot). (1.20) 
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Here 6, - attenuation of cable, determined taking into account lead 
loss and dielectric at the cut-off frequency of passband f,, i.e. 


according to (1.16) 


a (2nf, yl? 
Brp =BarptParp= 4 V 2efept 4 Cele - {1.21) 


Cut-off frequency for different cables by length / is determined 
on curves fp=F(l) (Fig. 1.2). In Fig. 1.4 crosses noted the values of 
transient responses, obtained sccording to approximation formula 
(1.20), and unbroken curves correspond to the characteristics, 
designed on the basis (1.17) with the aid of the electronic computer. 


As is evident, approximate values are close to the calculated. 


1.2. Distortions of nanosecond pulses about to transmission on 


coaxial cable. 


Using approximation for transient response of cable (1.20) and 
Duhamel integral, it is possible to find shape of pulse at output of 


cable u,(t) from known shape of pulse at input u,(t): 


t 
uy(t,)= 4, () AO) + S u,(t,—) A’ @ dt. 


—  tn FO MME A OP TE NT s 4 te sienttede™ 12 1 Owe SeemoHtG 
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If to input of cable is given linearly increasing voltage/stress 
u,(t)=kt, then output potential of cable by length / with u,(t)=0, 
where ts0, will be 

bl 


u, = EE(! +9) ['-°(svae))- 


Br» 








2 
- Pepe 


—2Vinie \ (1.22) 
rp 





Using method of imposition, on the basis of expression (1.22) it 
is possible to find distortions of video pulse of triangular, 
trapezoidal form or drop/jump in voltage/stress with final duration of 


front. 
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Fig. 1.5a shows the form of output potential of cable RK-75-4-15 with 
a length of 5 m (unbroken curves), if to its input drops/jumps in the 
voltage/stress with the amplitude, equal to one, are given and by the 
duration of front with respect 0.01, 0.05 and 0.1 ns (dotted lines). 
As is evident, the pulse edge at the output has considerably smaller 
slope/transconductance, than at the input. Fig. 1.5b shows a change 
in the form of the initial video pulse, described by function u(t)= 
sin? kt, during its transmission through the segment of cable 
RK-50-11-13 with a length of 5 m. The shape of pulse at the output is 
designed according to the transient response, obtained taking into 


account losses in dielectric (1.20), also, without taking into account 


Tn Ars Re Re AE EP OBO Bes ae n= 
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losses in dielectric (1.19). As is evident, for the pulse duration, 
considerably by smaller 1 ns, and the account of losses in the 


dielectric is necessary at the small length of cable. 
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Fig. 1.5a. Output potential of cable RK-75-4-15 with a length of 5m 
(unbroken curves) during the supplying to its input of a drop/jump in 
the voltage/stress with a duration of the front of 0.01 ns (1); 0.05 
ns (2) and 0.1 ns (3). 


Key: (1). ns. 
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ty cea) 
Fig. 1.5b. Output potential of cable RK-50-11-13 with a length of 5 m 
during the supplying to the input of the cable of the pulse of form 
u(t)= sin? kt (1), designed according to the transient response of 
cable without taking into account losses in dielectric (2) and taking 
into account losses in dielectric (3). 


Key: (1). ns. 
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Let us examine distortions of nanosecond radio pulses during 


their transmission along cable. Let the input of cable the radio 


pulse 


u, (=F, 


where F(t) - function, which presents pulse envelope, enter; 


w, - Carrier frequency. 


Transient response of cable [see formula (1.20)] let us record in 





the form 
MI 
A(t, l) =erfe (sve) 
where 
M= bre 7 
Vtrp 


Assuming that u, (t)=0 with ts0, and using Duhamel 


integral, for pulse at output of line by length / we will obtain 


t 
Hit d= [FO —9 er Lerie (Me) dt = 
0 


t Mu 


ed — 8) altel) ML .—3/2 
fF spel DM me Ra (1.29) 


If pulse envelope is rectilinear (for example, pulse edge), i.e., 


F(t)=kt, where k=const, then from preceding/previous expression we 


da 


3 
DOC = 88076702 PAGE +e 


will obtain 


ty _ mel 
uy (tis Nae ele: p B emt e322 @ 8 ge 


t Me 
—fermete i a]. (1.24) 


0 


Integrals in this expression can be calculated by asymptotic 


method. 
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Using expression (1.24) and superposition principle, it is possible to 
find output signal, if at the input of cable operates nanosecond radio 


pulse from the enveloping triangular or trapezoidal form. 


Calculation of distortions of nanosecond pulses, connected with 
their transmission through coaxial cable, and also experimental check 
{8, 9] of given above formulas they indicate need for account of 
losses both in conductors and in dielectric of cable. The account of 
losses in the dielectric is especially necessary during the 
transmission of pulses with the duration of less than 1 ns through the 
segments of the cable of small length. When pulses are transmitted 
through the cable by the length of more than 420-50 m, the account of 


losses in the dielectric on is so/such essential. 


In the case of application for delay and transmission of 


nanosecond pulses of coaxial cables with length of more than 1-2 m it 
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is expedient to utilize cables with large diameters of internal and 
external conductors as a reSult of the fact that losses in such 
conductors of cable are less. The possibility of the existence in 
them of the oscillations/vibrations of the highest types is 
eliminated, since due to the total losses the passband of the cables 
with a length of 1.5-2 m is limited by frequency 5-10 GHz which lower 


than the critical frequencies the dog. 


1.3. Coaxial delay lines. 


Selection of coaxial cables. 


Coaxial cables with polyethylene filling as delay line of 
nanosecond pulses to admissibly use only with small delay time. In 
the case of pulse delay by the duration of less than 1 ns it is 
expedient to utilize the cables with the filling of their teflon, 
which have loss in the dielectric somewhat less. Cables with an 
air-plastic insulation have even smaller losses, but they are 
characterized by discontinuity, which leads to the distortions of the 


pulses of short duration. 

Table 1.2 gives data of Soviet coaxial cables, which are most 
adequate/approach for transmission and delay of nanosecond pulses [4]. 
Page 25. 


First five cable make-ups have as dielectric continuous 


polyethylene filling, and latter/last four cables have continuous 


re 


ee ee ee 
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filling from teflon. Dielectric losses in teflon are almost two times 
less than in polyethylene (at frequencies from hundreds of megahertz 
to 10 GHz); therefore the resulting attenuation in latter/last cables 


is less than in five preceding/previous (fable 1.2). 


Special delay lines. 


For delay of nanosecond pulses are developed miniature coaxial 
Gelay lines, in which is utilized property of superconductivity of 
Materials at very low frequencies [11]. This delay line with a wave 
impedance of 50 ohms has a small cross section of conductors. Center 
conductor is fulfilled from niobium with a diameter of 0.25 mm, and 
external - from lead with a diameter of 0.86 mm. In this case 
critical frequency for the oscillations/vibrations of the highest 
types is equal to 100 GHz. For purposes of reduction in the losses to 
the minimum entire system is at a temperature 4°K, for which the- 
cable, wound around the drum, is placed into the container with liquid 
helium. At this temperature the losses in the dielectric (teflon) of 
cable vanish, and conductivity, for example in lead, it increases 10°’ 


times in comparison with the conductivity at 0°C. 


Thus, line is very wide-band both with small and at its large 


length. 
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Table 1.2. 
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PK-50-11-13 50 106 


2,4 
PK-50-7-16 50 102 2,6 9 
PK-75-7-16 75 69 2,7 7 
PK-75-7-11 15 75 2,7 6 
PK-100-7-13 100 57 2.6 10 
PK-50-11-21 50 106 1,7 12 
PK-75-7-21 75 71 1,7 12 
PK-75-7-22 vi) 69 1,9 7 
PK- 100-7-21 100 57 1,9 10 


Key: (1). Type of cable. (2). Wave impedance, ohm. (3). 
Capacity/capacitance, pF/m. (4). Attenuation at frequency of 10 GHz, 


GB/m. (5). Testing voltage, kV. 
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However, during the use of this zero-loss circuit difficulties appear. 
If coaxial pairs are carried out not very accurately, then in the 
places for heterogeneity (just as in the case of heterogeneity in line 
itself) appear the waves reflected. During the transmission of pulses 
] the appearing echo pulses by the force of the absence of line loss 
will be for long propagated from the end/lead of the line at the 
beginning and vice versa. As a result the considerable distortions of 
main impulses can arise. Therefore the special constructions/designs 
of small/miniature coaxial pairs of high quality are necessary for 
Similar lines. The experimental studies of this superconducting line 
showed [11] that during the transmission of pulses with the front with 
the duration of 0.4 ns along the line with the length of 30 m the 


steepness of their front does not change. 
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Extension (telescopic) lines with air filling can be used if 
necessary for small continuously adjustable delay of nanosecond 
pulses. In their construction/design must be provided the constancy 
of wave impedance, the high accuracy of the fulfillment of transitions 
from one section of line to another is required for which and the 
proper quality of sliding contacts. Such lines successfully are used 
in the very high speed oscillographs for calibrating the duration of 
the observed pulses. For obtaining the delay 1-2 ns the length of 
line must be equal to 30-60 cm. The measurement of the time interval 
is made with an accuracy to 10-*? s’ and is limited to the resolution 
of the electronic part of the oscillograph. The distortions of the 
shape of pulse in the line are small and are affected the quality of 


coaxial pairs at its ends/leads. 
1.4. Strip transmission lines and their transient responses. 


With formation of low-power nanosecond pulses with duration of 
order of nanosecond and less, for example, with the aid of tunnel 
diodes and other semiconductor devices, are used diagrams, carried out 
by means of printed wiring. In this way it is possible to 


considerably reduce the parasitic circuit parameters. 
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In these cases it is convenient for the delay, the transmission of 
pulses and as the forming lines to use the strip transmission lines. 


In connection with this it is necessary to know the characteristics of 
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strip lines as the lines of transmission of nanosecond pulses. 
Parameters of strip line. 


For transmission of nanosecond pulses strip line (Fig. 1.6), 
which is called symmetrical strip line, is of interest. Line consists 
of two grounded external metallic bands and metallic strip, situated 
between them at a distance of h (from each external band). Space 
between them is usually filled with dielectric. Symmetrical strip 
line is the shielded system. Exemplary/approximate field distribution 
in this system is shown in Fig. 1.6b. Entire electric field is 
concentrated in the region of cavity, and since there are no between 
the external bands of potential difference, then the plane of central 
strip (beyond the limits of strip), actually, is the region, free from 


the field. 


Strip, aS coaxial line, works in mode of fundamental oscillations 
of form of Ef. The most important parameters of strip line 
include the capacitance per unit length C, wave impedance p and wave 


propagation velocity V. 


Wave impedance and wave propagation velocity are respectively 


determined by formulas 


p= V<. (1.25) 
whence we will obtain 1 (1.27) 
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Fig. 1.6. Strip line of transmission (a) and field distribution in it 


(b). 
Page 28. 
Since wave propagation velocity can be recorded 
v= lace |: (1.28) 
Key: (1). s. 


where e, and p, - relative dielectric and magnetic constants of the 


material of line, the wave impedance - 





p= VEE [om]. | (1.29) 


In the case of absolutely conducting strips zero thickness 


following precise formula for wave impedance of strip line [12] is 


valid: es 
= K {k) 





where K(k) and K(k') - complete elliptical integrals of the first 
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kind, expressed through 


k=sch (xD/4h), 
k’ = th (xD/4h). 


In real construction/design of line thickness of strip is final 
( very approximate value of wave impedance c 
and exerts a Substantial infliience on wave impedance 
obtained on the basis (1.29), if capacity/capacitance of line is 


calculated from formula for capacity/capacitance of parallel-plate 


capacitor 


eD/2h 
Cu = 35,4 SO. (1.31) 
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Fig. 1.7. Distribution of capacities/capacitances in strip line. 
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Use of expression (1.31) is admissible during very approximate 
calculations of wave impedance, whose value is less than 25 ohms, and 
with high values p capacity/capacitance of fringing field composes 
noticeable part of total capacitance (Fig. 1.7). General/common 


Capacitance per unit length then will be 


C=HCat Cy (1.32) 


Capacity/capacitance of fringing field Cu=1 (Di) is determined 
by dis ca/Gimensions cf line and by dielectric constant e. A precise 
formula, found with the aid of conformal mapping, is given in [12]. 

In view of the unwieldiness of the expressions, which are obtained for 
the wave impedance, to more conveniently use the graph/curve of the 
line characteristics, given in Fig. 1.8. Size/dimension change makes 
it possible to obtain lines with the very different wave impedance. 
Lines with the low wave impedance have wider strip, i.e., the larger 


value of D/(2h+d). 
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Fig. 1.8. Graph/curve for calculating wave impedance of strip line. 
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Lines with very low wave impedance are necessary for some 
schematics of nanosecond generators, and in these cases it is possible 
to utilize strip lines. During the selection of the geometric 
dimensions of line it is necessary to have in mind that the transverse 
sizes/dimensions of line must be small for the avoidance of the 
possibility of the onset of the waves of the highest types. Thus, the 
distance between the external bands must be less A/2, where A - 
maximum critical wavelength of highest type oscillations. The width 


of strip also must not substantially exceed this value. 


Attenuation is important parameter of strip line. Just as in the 
coaxial line, here energy losses depend on lead loss, mainly due to 
the surface effect, and by losses in the dielectric, which fills line. 


Total attenuation is caused by lead loss fs and losses in dielectric fa: 


Attenuation constant in conductors is determined by ratio of 


power of losses P, to transmitted power P: 


a= op° 


Power of losses is found from expression 


ee am ami NE pe Nae” 
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Pr=Z flElas, 
where y=//*/n/s. - value, which determines surface strength of 
materials of conductors; 
o - conductivity of material of strips; 
E - electric intensity; 
s - no-flow length of way of integration, which is conducted on 


boundaries of all conductors. 
Page 31. 


Rate of flow of energy, which takes place in line, is equal to 


pa. 
° 


where U - maximum instantaneous value of voltage/stress in line. 


Approximate computation of attenuation in conductors of line when 
central strip is sufficiently wide (D/2h20.35), should be performed 
according to expression [12] 

Bu = 2¥ eerie pe LI + Djh4 + (1+ d/2h) n(1 +4h/4)] ; 

» 

: (1.34) 
where pw, and po - respectively magnetic permeability of dielectric 
medium and material of conductors, H/m; 

ea’ ~ Gielectric constant of dielectric medium, F/m; 


0 - conductivity, Mohm-m. 


Geometric dimensions are expressed in meters. 
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In the case of copper conductors we will obtain 


By = SO VOL + Dymt + (14d/2h) X 


”) 
X In(1 + 44/d)] [00/4 


Key: (1). dB/m. 


here e, and p», - relative values of the dielectric and magnetic 


constant of dielectric medium. 


Instead of (1.34) let us record 


8, = B, Va, (1.35) 
where 


B, = 2WinelBetes [1 + Djs (1+ d/2h) X 
X In (1 -+4h/d)| ben). (1.36) 


Key: (1). sec”*/m. 


Expression for attenuation in the case of very narrow central 
strip give we will not be, since this corresponds to case of high wave 


impedance, which are not here of interest. 
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It is evident from expression (1.34) that attenuation g, in 
conductors decreases with increase in distance between strips, and 
also with decrease of wave impedance p, whose value in turn decreases 


with increase in ratio D/h. 
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Attenuation #, due to losses in dielectric, which fills evenly 
Space between strips, can be calculated, knowing power losses in 
dielectric p, and rate of flow of energy, transmitted by line P. 


Power losses in the dielectric per unit of the length of the line 


Py= IEP as, 


where o, - dielectric conductance, which is determined from the 


complex dielectric constant; 


dS - elemerc of area of dielectric. 


Attenuation in dielectric is determined by relation of power: 


Since in expressions for p, and P range of integration one and 
the same, then for By is obtained expression, which does not depend on 


Sizes/dimensions of conductors. Attenuation per unit length [12] is 





equal 

Bg =e re ue =o¥e (ins) : (1.37) 
Key: (1). np/m. 
where e - relative dielectric constant; 


c - wave propagation velocity in the free space; 


tg 5 - loss tangent in the dielectric. 





DOC = 88076703 PAGE ‘| 


Attenuation in dielectric can be recorded otherwise: 





Br==A,otgs [un/x), (1.38) 
Key: (1). np/m. | 
where 
A= VEE = 1,66-10-*V&, fben/a). (1.39) 


Key: (1). s/m. 


For determining phase constant strip line it is necessary to 
consider internal inductance L, of conductors, which appears due to 


surface effect. 
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The modulus of resistance of this inductance is equal to the value of 
the effective resistance of lead loss. Therefore, as in the case of 
coaxial line, propagation constant 7 in general form will be 


expressed: 


T= Pat Pat ja=Bat Pati [oY LaxCt Pat 
+ (Bn — Ba)? |. 


2a YL, 2c 


Using expressions (1.35) and (1.38), we will obtain 


T=ByfetAatgs-+j [eV nl + 8,Ve+ 


4 (8s Ve— Ae, tg 4)" |: (1.40) 





Sa 
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where external inductance of line L,, is determined according to 
(1.25) in terms of known values of wave impedance p and 


capacity/capacitance of C [formula (1.32)]. 


For real constructions/designs of strip lines in interesting us 
frequency region (to 10 GHz) are always fulfilled following 


inequalities [13]: 





(B, fo — A,o tg 8)? = 
20 V Lac a, ve, 


(B, Yo — A,o tg 3)? rr 
erie ee me 


Then for transmission factor of uniform strip line, continuously 


filled with dielectric, we obtain expression 


Rafe! [8 /e+4otes+i($+e,/%e)]", | 
(1.41) 


Transient responses of strip lines. Distortions of pulses. 


Transient response of strip line with continuous dielectric 
filling between bands must be obtained taking into account lead loss 


and dielectric. 
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For the transmission of nanosecond pulses the line must be 


residual/remanent wide-band, and therefore the region of the 
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frequencies interesting us includes high frequencies to value on the 
order of 10 GHz. Just as in coaxial cable, at frequencies on the 
order of 1-3 GHz losses in the dielectric prove to be commensurate 
with the lead loss, and at the higher frequencies they considerably 


exceed them. 


Using expression for transmission factor (1.41), we will obtain 


following formula for computing transient response of strip line: 
14 
== 7, jet =, 
A (4,5 N= i jo Ke dw = 
0 


= ( = ‘o oe y=)? (1.42) 
2n J} jo exp(B, Yot+ A,o tg 2 + jB,V ell 


~O 


where t=t—t=t—t,; tf, - delay time of pulse with passage along line. 


However, loss tangent in dielectric tg 6 usually depends on 


frequency, which complicates expression (1.42). 


Let us examine first transient response of strip line without 
taking into account losses in dielectric. This case is of interest 


when space between the bands is filled with air. 


For considerable reduction in line losses it is expedient to 
utilize strip line, whose central strip is arranged/located on thin 
sheet of dielectric, fastened/strengthened along edges between 
external bands with the aid of rigid supports (Fig. 1.9). Here 


central strip consists of the metallic coatings, plotted/applied from 
both sides of dielectric sheet. 


Anaemia eye ne 
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Fig. 1.9. Strip line with central strip on dielectric sheet. 
Page 35. 


If both central strips are connected in parallel at input and output 
of line, then electric field will exist only in the air gaps between 
each central strip and corresponding external grounded band. In this 
case only the small part of the dielectric sheet will be in the 
fringing field of central strip. In the case of applying the low-loss 
dielectric (polystyrene, Teflon glass, etc.) of loss in it due to the 
edge effect they will be small and the resulting line losses will be 


in essence determined by lead loss. 


In this case for transmission factor of line instead of (1.41) we 
will obtain approximation 


7 aU > tevie} 
K =e ’ (1 43) 


where B=B,/2. 
Let us record transmission factor in operational form: 
P Vp 
—! 5+ 8 r) 


K (p)=e : 


Transient response of line in this case is found from following 


5S: 
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converted through Laplace function: 


gi en helv+ BV Bh 
pk(=-=e ’ 


original of which is expression 


A(t, )=1—@® We)’ (1.44) 


l 


sr) 7 function of Kramp [transliterated]; tyet—-. 


where 0(F . 
Fig. 1.10 gives transient responses of strip lines length of 1 m, 
made from copper strips with thickness of central strip 0.1 mn. 
Unbroken curves represent the transient responses of lines with a wave 
impedance of 50 ohms with the values of the transverse size/dimension 
of h=1; 2.5 and 5 mm. The transient responses of lines with a wave 
impedance of 75 ohms with the same values of h are represented by 


dotted curves. 
Page 36. 


As can be seen from this figure, #iope/ transconductance of 
initial section of transient response of strip line depends 
substantially on distance between central and external strips h. With 
an increase in this distance mutual conductance grows/rises, since 
lead loss decrease and the broad-band character of line increases. 
Line with a wave impedance of 75 ohms has high losses, and the 
slope/transconductance of its transient response is less than in line 


with a wave impedance of 50 ohms. 
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Fig. 1.11 gives transient responses of strip lines with wave 
impedance of 50 ohms with length of 10 m with values of h=1; 2.5 and 5 
mm. In the same figure of dotted curve is represented the transient 
response of cable RK~50-11-13, which has the wave impedance of 50 
ohms. The diameter of the external conductor (braid/cover) of this 
cable is equal to 11 mm. As is evident, the slope/transconductance of 
the transient response of cable is considerably less than the 
slope/transconductance of the transient response of strip line 
approximately with the same transverse size/dimension (curve for h=5 


mm Fig. 1.11). 
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Fig. 1.10. Transient responses of strip line with length of 1 m with 





wave impedance: 50 ohms, ---- 75 ohms. 


Page 37. 


It is necessary to note that ‘the transient response of cable is 


constructed taking into account lead loss and dielectric. 


With increase in distance between central and external strip h 
for retaining/maintaining constancy of assigned wave impedance it is 
necessary to increase width of central strip D. This fact leads to 
the need for increasing the width of external strips D,,, which must be 


equal to DyawD +4h. 


Thus, if we consider losses only in conductors of strip line, 


then its transient response will have considerable 


AMS RTE Wes 


Sv 
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slope/transconductance. At the length of line 1 m and is less it is 
possible to transmit by it without the distortion pulses with duration 


about 0.1 ns. 


If would be required even wider-band line for transmission of 
low-power pulses, then for this it is possible to utilize strip line 
with strips in the form of thin metallic films. Thus, in the line, 
whose construction/design is given to Fig. 1.9, central strip and 
external bands it is possible to fulfill in the form of the finest 
metallic films, whose thickness is equal to the depth uf penetration 
of electromagnetic waves into the metal at the greatest frequency of 


the region of the frequency spectrum interesting us. 
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Fig. 1.11. Transient responses of strip lines with length of 10m 
_with wave impedance of 50 ohms and transverse sizes/dimensions h=1; 
2.5 and 5 mm (solid lines) and cable RK-50-11-13 (dotted line) the 
same length. 


Key: (1). ns. 
Page 38. 
Then in this band of frequencies of the loss in the metal will not 


depend on frequency, i.e., (fa=const. | 


Attenuation of wave amplitude during its penetration into metal 


up to distance of d will be determined by exponential function e, 


VE 


where 


With attenuation of wave amplitude on 3 GB wave will cover a 


distance 


©U 
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where fuaxc ~ Maximum frequency of interesting us spectrum; 
o - conductivity; 


pe ~ relative magnetic permeability. 


For copper conductors at maximum frequency of spectrum fyaxne=10 
GHz depth of penetration is approximately equal to 0.25 uw. This strip 
line would have ideal frequency and phase responses in the frequency 
region indicated and would be the wide-band attenuator, which weakens 


equally all components of pulse spectrum. 


ce a le a 


However, in the case of transmission of comparatively powerful | 
nanosecond pulses constructions/designs examined can prove to be 
unacceptable. Furthermore, line with the rigidly fixed dielectric 
sheet in the center at its comparatively large length will be ; 
inconvenient. Therefore strip line with the continuous filling with 
elastic dielectric is more convenient and more universal 
construction/design. This line, as coaxial cable, can be if necessary 
convoluted into the bay and designed for the transmission of the 


pulses of a comparatively large power. 

For computing transient response of this line it is necessary to 
turn to expression (1.42). 
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If line has continuous polyethylene filling, then according to (1.12) 


> 
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we have 


~ _a,Vo 
6S ne’ 





and then instead of (1.42) we will obtain the expression 





BA We 
Muh—w Je [aves eave] 


(1.45) 


where A,=A,=3-10-" sec ¥2/rad¥?om. 


Since direct computation of transient response according to 
formula (1.45) causes considerable difficulties, then computation, as 
in the case of coaxial cable, they are conducted by grapho-analytic 


method (see § 1.1). 


Fig. 1.12 gives graphs/curves of transient responses of strip 
line from copper strips with thickness of central strip 0.1 mm with 
continuous polyethylene filling. Line has a wave impedance of 50 ohms 
and sizes/dimensions of D=3.5 mm, h=2.5 mm. Calculations are carried 


out for the line by length 1; 5 and 10 m. 
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Fig. 1.12. Transient responses of strip lines with dielectric filling 
from polyethylene. 


Key: (1). ns. 
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If we compare these transient responses with the transient responses 
of line (with the same sizes/dimensions of d, D, h and /), given in 
Fig. 1.11 (curve for h=2.5 mm), then it is easy to note the large 
difference in the slope/transconductance of transient responses. The 
presence of dielectric filling leads to a considerable increase of the 


total line losses, which decreases its broad-band character. 


Just as in the case of coaxial cable, it is possible to construct 
graph/diagram of dependence of bandwidth of strip lines on its length 
for different values of transverse size/dimension of h. Using 
expression for the transmission factor (1.41), we find its 
modulus /module } K } and expression for dependence of phase shift on 


frequency Ag(w): 
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1K\=[exp(8,7e+Ae5) !\ (1.48) 
Ag (w) = 1B, fo. (1.47) 


Fig. 1.13 gives dependences of bandwidth of strip lines with wave 
impedance of 50 ohms on their lengths /, calculated according to 
formula (1.46). The cut-off frequency of passband corresponds to the 
frequency, at which the modulus of transmission factor decreases on 3 
GB relative to values at the low frequencies. Its broad-band 
character grows/rises at a small length of line and the specific 
significance of the losses in the dielectric, whose value does not 
depend on the transverse size/dimension of line h, becomes more, but 
it grows/rises with an increase in the frequency. Therefore with the 
low values / curves are arranged/located more clgsely than at the 


large length of line. 


Calculation of transient responses on the basis of expression 
(1.45) is connected with cumbersome calculations, and, furthermore, 
absence of their resultant analytical expression does not make it 
possible to record shape of pulse at output of line with assigned 
expression for input pulse. Therefore, as in the examination of the 
characteristics of coaxial cable, it is expedient to introduce the 
approximate analytical expression of the transient response of strip 
line, which considers losses both.in the conductors, and in the 


dielectric. 


Page 41. 
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Similar to formula (1.22) for the transient response of strip line it 


is possible to record the following expression: 


A(t, D=1—0 (77). (1.48) 


Here coefficient B,, is located through the resulting line loss at the 
cut-off frequency of passband f, at the assigned length of line and 


transverse size/dimension h: 








ee ee 1.49 
Bry = Byrp 2 Von  Vehep- See 


Attenuation 6, is determined by sum of attenuations §,,, and 
Burn, Which are located at frequency /,» according to expressions (1.34) 


and (1.38). 
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Fig. 1.13. Dependences of cut-off frequency of passband of strip 
lines with wave impedance of 50 ohms on length of line with its 
different transverse sizes/dimensions. 


Key: (1). MA, 
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In Fig. 1.12 small circles noted values of transient response of 
strip line with length of 5 m, calculated by approximation formula 
(1.48). As is evident, this transient response differs little 
(especially in its initial part) from the transient response, obtained 
by grapho-analytic method on the basis of expression (1.45). It 
follows from the verifying calculations that at the length of line 


2-10 m it is possible to use formula (1.48). 


If analytical expression of transient response of line with 
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continuous dielectric filling is known, then it is possible to 
rate/estimate distortion of shape of nanosecond pulses during their 
transmission along this line. Using the method of imposition, on the 
basis of expression (i.48) it is easy to find the distortion of square 
pulse by duration ¢,. Expression for the pulse, which passed distance / 


along the line, in this case can be represented in the form 


Hous (bib, tu) = A (fi) — A (A+ Gn). (1.50) 


If pulse edge has final duration and increases according to 
linear law, then distortion of front can be determined on form of 
output voltage/stress, obtained with the aid of Duhamel integral and 
formula (1.48) with input voltage, assigned in the form u,,(t)=kt, where 


k=const. 


Output voltage/stress is determined by expression 
t 
pur (t,, 4) = Max (t) A (0) 4- fn (¢—) A’) a= 
Q 


~+ 491-35) —* (PI 


B? It 
oes rp 
_ 2. A. - 4, |. 

Brpl nT 





(1.51) 


Thus, with the aid of formulas (1.48), (1.51) and method of 
imposition it is possible to determine distortions of shape of pulse, 


transmitted by strip line. 


Page 43. 
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1.5. EFFECT OF HETEROGENEITIES ON THE CHARACTERISTICS OF LINE. 


Examining characteristics of lines, we assumed lines uniform and 
those ideally coordinated with resistor/resistance of generator at 
input of line and with load at output. However, during the 
transmission of the nanosecond pulses (especially with the duration of 
the order of nanosecond and less) are manifested the relatively small 
heterogeneities of the transmitting circuit. In the circuit of 
transmission, besides strictly line, are usually included also input 


and output couplings, different terminations and matching transitions. 


Real uniform line has some heterogeneities, which can be 
named/called internal hetercaeneities. Thus, in the case of coaxial 
cable its wave impedance in the individual sections somewhat changes 
in view of insignificant changes in the transverse sizes/dimensions of 
conductors. In the cable changes in the form of conductors or 
heterogeneity of dielectric filling can be observed. Just as in the 
technology of shf/SVCh, in the nanosecond technology it is necessary 
to consider the possibility of the onset in the two-wire circuit of 
the waves of the highest types, whose appearance is connected with the 


presence in it of heterogeneities. 


As is known, for oscillations of highest types lines of force of 
electrical and magnetic fields are not perpendicular to direction of 


propagation of waves, but phase speed depends on frequency. For each 
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type of oscillations there is a specific critical frequency. The 
transmission of vibrational energy of highest type with the frequency 
below critical proves to be impossible, since fields rapidly 
attenuate. The waves of the highest types can exist in the line 
during the transmission of such high frequencies, when wavelength the 


line commensurate with the transverse sizes/dimensions becomes. 
Page 44. 


Thus, for coaxial cable critical frequency for the waves of the type JE 


those is determined by formula [4]: 


but for the waves of the type TM 


fee “planer” 


where c=3-10* m/s - speed of light; 
D and d - diameters of external and internal conductors; 


e, ~- relative dielectric constant of dielectric. 


If in line is certain heterogeneity, for example stepped 
variation in sizes/dimensions of conductors (Fig. 1.14a), then in area 
of heterogeneity distortion of field occurs and oscillations of 
highest types are possible. This phenomenon is most noticeable at the 
high frequencies. The part of the energy of high-frequency pulse 
component is expended on the oscillations of the highest types. As a 


result the shape of the pulse, transmitted by the line with the 
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heterogeneity, will be distorted. The greater the sections of 
heterogeneity, the greater the distortion of pulse. If it is 
necessary to pass from the sections of coaxial line with some 
transverse sizes/dimensions to the sections with other 
sizes/dimensions, after preserving in this case the constancy of wave 
impedance, then this transition is fulfilled by smooth, and the length 
of transition must be several times of more than the diameter of 


external conductor. 


If in line is heterogeneity in the form of stepped variation in 
transverse sizes/dimensions, for example, in strip line or line, 
formed by parallel plates (Fig. 1.14b), then its action on shape of 
transmitted pulse can be represented by action of certain shunt 
capacitance Cc, (Fig. 1.14c), switched on in that place, where 
heterogeneity of line is located. The value of this 
capacity/capacitance depends from the relation of the transverse 
sizes/dimensions of line to heterogeneity h, and in the place for 
heterogeneity h,, i.e., Co=i (Zt) U4, 15). Dependence =i) is given 


in Fig. 1.15. 
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Fig. 1.14. Transmission line with stepped heterogeneity (a, b) and 


with equivalent capacity/capacitance (c). 
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If line is filled with uniform dielectric, then the value of 
capacity/capacitance must be multiplied by the value of the relative 


@a 
dielectric constant of dielectric. 


In the case of coaxial line value of equivalent 
capacity/capacitance can be determined by expression [14, 15] 


(1.52) 


Can i Merl ou: 


Here capacity/capacitance c, is the function of the ratio of a 
difference in the radii of conductors to heterogeneity h, toa 
difference in the radii of conductors in the place for heterogeneity 
h, and is determined on the curve, given in Fig. 1.15. The value of 


radius r depends on the form of stepped heterogeneity. 


If stepped heterogeneity appears only due to change in diameter 


of external conductor, then r=r,, where r, - radius of internal 
conductor of line. 
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Fig. 1.15. Dependence of equivalent capacity/capacitance on 
transverse sizes/dimensions of line. 


Key: (1). pF/cm. 
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If heterogeneity is formed only due to a change in the diameter of 
internal conductor, then r=r,, r, - radius of external conductor. 
With a simultaneous change in diameters of both conductors the 
capacity/capacitance is calculated from the formula 

Con Qer'Co a) -- Qer",Co Gah (1.52a) 


where value r',, r" ,, h,, hz, h,; are shown in Fig. 1.16. 


Knowing equivalent capacity/capacitance C, (or C,,) and effective 


resistance R of line in place for heterogeneity, it is possible to 
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approximately rate/estimate distortion of transmitted pulse due to 
heterogeneity. In this case is examined the distortion due to the 
equivalent prc,-circuit. Effective resistance in the place for 
heterogeneity R is the resistor/resistance of the parallel-connected 
resistors/resistances p, and p,, where », - output resistance of the 
section of line to the heterogeneity, p, - input resistance of the 
section of line after the heterogeneity. Thus, the time constant of 


the circuit 


— _PiPa 
= bi +e » 


This simplified evaluation of effect of heterogeneity on shape of 
pulse occurs in the range of high frequencies, when wavelength still 
is somewhat more than greatest transverse size/dimension of line, and 
also, if distance between heterogeneities is not too small, i.e., in 


the absence of mutual interaction between heterogeneities [16]. 


Sometimes heterogeneities in lines (random or specially formed) 


present for waves propagated in cable effective resistance. 
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Fig. 1.16. Line with stepped heterogeneity. 
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In these cases in the area of heterogeneity although occurs the wave 
reflection, reflection coefficient does not depend on frequency and 
therefore the shape of the transmitted pulse is not distorted, but is 


observed only a change in its amplitude. 


Besides internal heterogeneities of line usually are 
heterogeneities at input and output of line. In the real 
constructions/designs of couplings, for example for coaxial cables, 
already at frequencies of 1-3 GHz the standing-wave ratio in the 
voltage/stress noticeably differs from one. If the heterogeneity 
introduced at the ends/leads of the line has reactive/jet or complex 
character, then the coefficient of reflection of waves depends on 
frequency, which leads to the distortion of the shape of the pulse 


transmitted by the circuit. 


Important value for undistorted transmission of pulses has 
quality of agreement of line with resistance/resistor of load and 


generator. During the transmission of the pulses of nanosecond 


ee ee ee ee ae 


in the simplest constructions/designs of resistive loads, is 
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duration the effect even of the low parasitic reactance, which occur 


noticeable. The most successful simple construction/design is washer 
effective resistance. In this case washer load must be assembled at 
the end/lead of the coaxial line strictly perpendicular to its axis. 
In the nanosecond technology, just as in the technology of shf/SVCh, 


find use conical type load resistors/resistances with the special 


a 


coating. 


During evaluation/estimate qualities of line, intended for 
transmission of long pulses and following with high frequency, usually 
are turned to frequency characteristics of steady state. During the 


evaluation/estimate of the distortions of nanosecond pulses, produced 


oS eS ry sae Te le 


according to the frequency characteristic line with the 

heterogeneities, which is found in steady state, it is possible to 

obtain inaccurate results. It is here necessary to consider that the 
duration of nanosecond pulse can be much less than the transit time of 


pulse along the line and much less than the spacing between pulses. 


Actually, in the case, when pulse duration is less than time of 
its transmission along line, pulse is propagated in the absence of 
waves, which appear with multiple reflection from end/lead of line or 


from internal heterogeneities. 
1 
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The transmission lines, which have heterogeneities at the ends/leads { 
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and internal heterogeneities, are characterized by the specific 
phenomena, called "“counterflow” and “wake current". These phenomena 
consist in the fact that after pulse advancing in the line (from its 
end/lead at the beginning and in the opposite direction) the parasitic 
oscillations, which are the sum of the pulses, repeatedly reflected 
from the heterogeneities, are propagated. Parasitic pulse streams 
manage to attenuate with the large porosity of main impulses, without 


causing the distortions of the transmitted pulses. 


In connection with this quality of line of transmission of 
nanosecond pulses, which contain heterogeneities, is expedient to 
evaluate according to pulse transient responses, obtained 
experimentally on oscillographic installations with the aid of 
sounding pulse of very short duration (€hapter 11). This installation 
makes it possible to observe and to measure the pulses echo from the 
heterogeneities, that gives the possibility to determine also 
character and the value of heterogeneity and, consequently, also the 
reflection coefficient. Thus are located the fundamental 
characteristics of line, according to which it is possible to 


correctly rate/estimate the distortions of nanosecond pulses. 
1.6. THE HELIXES OF TRANSMISSION. 
Coaxial and strip transmission lines are sufficiently wide-band 


systems, since constraint of their passband is associated only with 


lead loss and dielectrics. However, these lines under the condition 


So 
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of the absence of the oscillations of the highest types have low wave 
impedance. Furthermore, delay per unit of length in them is small. 
Therefore, if the high line characteristic of transmission is required 
and considerable pulse delay, it is expedient in a number of cases to 


utilize helixes of transmission. 


Most widely used construction/design of helix is spiral conductor 
that placed within cylindrical screen/shield. Fig. 1.17 shows the 


cable of delay with the spiral internal conductor. 
Page 49. 


The distinctive special feature of helix is its considerable linear 
inductance, which reaches sometimes several millihenry to the meter, 
which exceeds the inductance of usual coaxial cable into thousands of 


times. 


Presence of spiral causes appearance of longitudinal magnetic 
field, directed along axis of line; therefore sharply grows/rises 
overall magnetic fied and respectively increases inductance per unit 
of length. In view of this the helix possesses high wave impedance 
and large linear delay. Furthermore, changing along the line spiral 
pitch, it is easy to obtain non-uniform circuit of transmission, which 
is conveniently utilized for impedance matching at output and input of 


line, for the transformation of the voltage/stress of pulses. 


From <heoretical studies of helixes are known expressions for 
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determining of inductance, capacity/capacitance of line, and also 


specific phase distortions of line [4, 17-20]. 
Fundamental parameters and characteristics of helix. 


For evaluation/estimate of properties of helixes as transmission 
systems and delay of nanosecond pulses let us examine their 


fundamental parameters and characteristics. 


Internal spiral conductor can be circular or flat/plane 
(strip/tape). High-frequency dielectric usually is placed between the 
spiral and the cylindrical screen/shield. Fig. 1.18 depicts the turn 


of flat/plane spiral in the expanded/scanned form. 


Fe 
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Fig. 1.17. Fig. 128s 

Fig. 1.17. Cable of delay with internal conductor in the form of 
spiral: a) central rod; b) internal conductor; c) dielectric; da) 
external conductor (braid/cover); e) external insulation. 


Fig. 1.18. Turn of flat/plane spiral. 
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Total current of internal wiring I can be decomposed on two 


components: 1,,~ axial, directed in parallel to the axis of line, and 


I,- tangential, directed in parallel to tangent toward the 


circle/circumference of cross section of internal wiring. Component 


I, creates transverse magnetic field H. , while component |, creates 


longitudinal field H,, Due to longitudinal field H, is reached the 


necessary effect of loading of cable; however, simultaneously occurs 


an increase in the effective resistance of cable due to the eddy 


current losses, created in the conductors of cable by field H,. This 


increase in the losses, as is known, leads to reduction in the 


slope/transconductance of the transient response of line and it is a 


deficiency in the line of transmission of nanosecond pulses. 
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Total value of linear effective resistance of R, inductance L, of 
capacity/capacitance of C and conductivities G of helix are determined 


according to approximations [4]: 


a ee w 
Leseanawr| Caen? on 
R= 8,35-10 Tee ctg*p [S |. 
is (1.53) 
yy Di =I a fae 
L=10 GEE ctg of), (1.54) 
10-% ) 

C= trae Dit fp /e, (1.55) 
G=0C tg thar | (1.56) 


Key: (1). ohm. (2). H. (3). F/M. (4). Qem. 


where D and d - diameters of external and internal conductors, cm; 


@ - angle of ascent of spiral, deg. 


Wave impedance of helix is determined by expression 


—-Pte_ 21/7, ye 
= c= Ve “Tomer az ete fom], (1.57) 


and delay time per unit of length is equal 


Venlo omar 
foo LC = an V SOU Da ote"? oe) 


Attenuation of line, as usual, is determined by expression 


Pia th=tV S44) 4 
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Attenuation of cable due to lead loss strongly grows/rises with 
decrease of helix angle 9. At the preset angle » attenuation length 
4, has a minimum with specific relationship D/d. If it is necessary 
to obtain line with the maximum value of delay t,,, then minimum 
attenuation 3, will occur when 2 =21,8, while if it is necessary to 
obtain line with the maximum wave impedance, then minimum attenuation 


will begin when f 2.27. 


In the case of applying as internal conductor round conductor 
attenuation fp, will prove to be more than in the case of replacing 


conductor by flat wire, approximately to 15-25%. 
Distortions of pulses during the transmission along the helix. 


In helix besides ohmic losses phase distortions, which 
substantially determine resulting broad-band character of line, have 
most important value. Phase distortions appear at the high 
frequencies aS a result of change in the inductance with the frequency 


and effect of distributed capacitance between adjacent turns. 


Above were given relationships/ratios, obtained on the assumption 
that current strength along axis of spiral remains 
constant/invariable. However, if frequency is so/such high, that the 
wavelength in the spiral in the axial direction is commensurate with 
the diameter of spiral, then the value of inductance noticeably 


decreases. At such current frequencies in different turns of spiral 


B/ 
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differ in the phase, total magnetic flux decreases in consequence of 
which. The mutual inductance of two turns with an increase in the 
frequency can even change sign. The dependence of inductance on the 


frequency can be expressed by formula [18] 
L nd nd 
Ea (EK (x): (1.59) 


where L,-- inductance at the low frequencies; 

J,(x) and K,(x) - modified functions of Bessel of the first and 
second orders; 

ad - diameter of spiral; 


\ - wavelength in the spiral along its axis. 
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Under condition md/d<1 it is possible to write [19] 


£125 (x ie (1.60) 


Delay time of line t, will also decrease with increase in 
frequency. Fig. 1.19 for the helix of delay gives the dependence of 
delay time on the frequency in the form of relation 4,/t,, where 4,, 
delay time at the low frequencies. Along the axis of abscissas is 
plotted product t,df//,, where [, - distance between the turns of the 
spiral (scale it is obtained in the relative units). 

e 

With pulse advancing along helix of delay their form at output of 
line is determined to larger degree by presence of phase distortions, 
than amplitude (caused by dependence of attenuation on frequency). 
Phase distortions are the factor, which limits the transmission of 
narrow pulses along the line, and can serve as criterion in the 


evaluation/estimate of the quality of the helix of delay. 


It is possible to consider that those high-frequency components 
are boundary, which cause phase divergence (at given length of line) 
of 1/2 rad larger than phase divergence, which is obtained from 


condition of linear phase response [20]. 


X39 
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Let us assume that delay time per unit of length t,, at high 
frequency w differs from delay time ¢,, at low frequency. Phase error 

at the frequency w at the output of line by length / must not exceed 
1/2 it is glad in such a case, when this frequency does not exceed the 
permissible cut-off frequency. Then, disregarding losses in the 


effective resistance of line, it is possible to record the equality 


sane £ (fae — fron) = 1/2. (1.61) 


= ~~ rr 
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Fig. 1.19. Dependence of delay time on frequency. 
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Let us asSume that capacity/capacitance of C does not depend on 
frequency, but inductance L in a specific manner depends on frequency 
and, if one considers that t,,=/LC, then expression (1.61) is reduced 


to the form 


miele = ies 1/2. (1.62) 


If change in inductance of line is connected with phenomenon 
described above, then in formula (1.62) relation ;/;, can be replaced 


with expression (1.60); then 


Ud? \ 1/3 
Omane laos ‘eo aw 3 


when 
d 
mare aon 7 <1/2. 


Hence for frequency a,,,. we obtain following expression: 
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at 8 .63 
aT) (1.63) 


af, 
mane ~ ul 


With the aid of formula (1.63) is determined greatest permissible 
signal frequency during its transmission along line with delay t,=t,,/ 
with given one to ratios of length of spiral to its diameter. During 
the transmission of right-angled pulses with a duration of front on 
the order 30 ns the distortion of front in the form of rounding in the 
upper part in the case of the delay is observed, beginning with 0.6 


us, which corresponds to the length of line of approximately 3 m. 


Use of helixes for pulse delay of nanosecond duration requires 
improvement in their characteristics. One of the methods of the 
correction of phase responses is based on the application of series 
Capacitor, which shunts spiral. As a result of correction the 
effective inductance of line grows/rises with an increase in the 


frequency. 


Line with corrective capacity/capacitance is arranged as tollows. 
Internal insulating rod is covered/coated with the thin conducting 
layer. This layer is cut along the line by several identical bands. 


All bands, except one, are grounded. 
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The ungrounded band is divided into the series/row of plates with the 


specific gap. Entire conducting layer is covered/coated with the thin 


a i ls ce me 
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layer of insulation, and then spiral is coiled. 


Capacity/capacitance is formed between grounded and ungrounded 
corrective plates. The value of this shunt capacitance can change via 
the appropriate selection of width and length of the corrective 
plates, and also the thickness of insulation. The form of the phase 
response of delay line can to the known degree be modified in 
accordance with this. At the high frequencies the delay time 


increases with the increase of shunt capacitance. 


With specific values of frequency is observed mutual compensation 
for potentials, induced on corrective plate by current, flowing in 
different turns.of spiral. This leads to the appearance of maximums 
on the frequency characteristic of delay line. The application of the 
considerable number of corrective plates is necessary for the 
smoothing of the form of frequency characteristic. The smallest 
number of plates is determined by expression [2] 


N = Qtaof mares 


where jfuace — Maximum frequency, to value of which frequency 


characteristic is uniform. 


Fig. 1.20 gives characteristics of helix of delay (t,=0.9 us) 


without correction and with correction (48 corrective plates [21]. 
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Fig. 1.20. Dependence of delay time on frequency for line: 1 - 
without correction; 2 - with correction. 


Key: (1). wus. (2). MHz. 
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In general theory of helix of delay with shunt capacitances 
relationships/ratios for determining optimum values of shunt 


capacitances and corresponding sizes/dimensions of plates are given. 


Let there be between two turns of spiral, which are located at a 
distance of x from each other, shunt capacitance C'(x). Let us 
introduce the capacity/capacitance of line per unit of length relative 
to earth/ground C, and we will further examine dependence 
C(x)=C'(x)/C,. The problem of transit time correction is reduced to 
the selection of function C(x), which corresponds to the condition of 


the constancy of the phase speed into Lynn for different frequencies. 


Investigations showed that their arrangement, depicted in Fig. 
1.21 [21], is one of advisable distributions of plates of shunt 
capacitance along turns of spiral. For this case function C(x) will 


be recorded as follows: 
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C (x)= Fe [! = i l=e[t- zk (1.64) 
where a - width of the shunting plate; 

g - ratio of the total capacitance of spiral relative to the 
shunting plates to the capacity/capacitance of spiral relative to the 
earth/ground at the length of spiral, equal to its diameter; 

Cy - Capacity/capacitance between one turn of spiral and plate; 

ly - length of the shunting plate; 


{, - Spiral pitch. 


Controlled parameters of shunting plate are g and /|,. 





¥ 
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Fig. 1.21. Distribution of shunting plates along spiral. 
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For the selection of these values it is possible to use plotted 
function F(z) (Fig. 1.22), which is Fourier transform function C(x). 


For the selected dependence this function takes the form 


sin “82 
F(zj=g l= Fay , (1.65) 


where rad - phase delay for the section of line by the length, equal 


to a radius of spiral; 


v - phase speed in the line at frequency f. 


Change of parameters g and i, in expression (1.65) scale plotted 
function F(z) along axis of ordinates and axis of abscissas, where 


along coordinate axes are plotted values on logarithmic scale [21]. 


By approaching function F(z) to graph/curve, which corresponds to 
ideal phase of corrections (A9,=0), are determined parameters of 


shunting plates at this band of frequencies of transmission of line: 
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cae Zuanc 
Fuaxe = —aVLe (1.66) 


where L,-- inductance of line per unit of length at low frequency; 


Z2meaxe ~ Phase delay at frequency fwaxe- 


With permissible value of phase distortions Ag,=0.05 rad (Ag, - 
phase distortions of section of line by length, equal to its radius) 
optimum will be values g and i with their following values: 

g= 3,51 © =0,55. 


Key: (1). and. 
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Fig. 1.22. Plotted function F(z). 
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During calculations of line it is necessary to consider 
fundamental characteristic of line - product of delay time to 
bandwidth of line. The delay time of line by length / at low 
frequencies /,,-=-/,’L,C, and passband is determined by expression 


(1.66); consequently, the product of delay time to the bandwidth will 


take form Zmancdy (1.67) 
“Onde, * 

Using given formulas and graphs/curves, it is possible to 
calculate helix of delay for this passband of frequencies when 


arrangement of shunting plates corresponds to that given in Fig. 1.21. 


Studies of helixes of transmission, utilized as lines of delay 
and transformers of nanosecond pulses [22, 23], show that helixes 
noticeably distort edge of nanosecond pulse and it is insignificant 


its apex/vertex. An increase in the duration of the pulse edge is 


| 
{ 
| 
q 
~? 5 
» 
Q 
ty i 
| 
| 
| go 
eS { 
: ce | 
aes ate ee aes aime lee a a ~ oa = ae hk _ 


caused by high-frequency distortions, and decay in the apex/vertex - 
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low-frequency. With an increase in the delay time of line 
low-frequency distortions decrease, and high-frequency increase. The 
low-frequency distortions of the shape of pulse are explained by the 
fact that are transmitted only those components, the wavelength of 
which is more than the "electrical" length of line. For the pulse 
duration into several nanoseconds and less decay in the pulse apex 
proves to be insignificant. Ohmic losses and phase distortions 
grow/rise with an increase in the frequency. It follows from the 
experiments that the lead loss of line and dielectric are noticeable 
for the short duration of the front (order of one nanosecond and 
less), while phase distortions they are developed also for the 


duration more than 1 ns. 


If for retention/maintaining of edge of pulse of stringent 
requirements it is not presented, then as line of pulse delay with 
duration of front in several nanoseconds can be used standard spiral 
radio-frequency cables of delays, whose data are cited in-fable 1.3 


[4]. 
Helix of delay usually works in conditions of matched load. 
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Sometimes at the output helix must be coordinated with usual coaxial 
cable. A precise agreement of the helix of delay at its output 
presents definite difficulty. Inductance per unit of length in the 


helix with the insufficiently good correction falls in the direction 


53 
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of the end/lead of the line. If reflections are not admitted, then 
the heterogeneities of circuit must be removed throughout its entire 
length. For this purpose it is necessary to use special transitions 
between the helix and the line of another type. In the technology of 
the electronic devices of shf/SVCh, which use circuits in the form of 
helix, the constructions/designs of transitions from the helix to 
usual coaxial cable and to the load are developed. These 
constructions/designs can be used also in the devices/equipment of 


nanosecond technology, which use helixes of delay. 


1.7. Transient processes in the waveguides during the transmission of 


nanosecond radio pulses. 


At present in series/row of regions of radio electronics radio 
pulses of nanosecond duration increasingly more are utilized. In 
waveguide trunk lines of communications, in the ultra-high-speed 
electronic computers, in the radio systems with the large resolution 
the nanosecond radio pulses of different duration are used. Radio 
pulses are very successfully utilized by a duration of 1-5 ns for the 
investigation of the heterogeneities of different waveguide systems. 
In connection with this the attention to the study of transient 
processes in the waveguides for the evaluation/estimate of the 


distortions of nanosecond radio pulses during their propagation along 


the waveguides is recently turned. 
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Table 1.3. 
a | (8) Mipxa KaGean 
Mapaietpat kadeaa = ee 
| PKs-400 | PK3-401 
re) 7 ary ie 
Boanonoe = conpotupazenue, 350—S500 350—-500 
OM 
W@satyxanue, An| a (pu 4a- 0,12%, 0,5 
cTote) a Map (10 mS) 
spews 3adepKKH, MKCeK)|M 0,1 0,5 


Key: (1). Parameters of cable. (2). Cable make-up. (3). Wave 
impedance, ohm. (4). Attenuation, np/m (at frequency). (5). ... 


MHz. (6). Delay time, yus/m. 


Page 59. 


Specific character of transient processes in waveguides. Distortions 


of right-angled radio pulses. 


Rate of establishment of transient processes, or 
slope/transconductance of transient response of waveguides as other 
lines of transmission of nanosecond pulses, is determined by character 
of frequency dependence of propagation constant y. But this means 
that the character of transient processes is defined by both the 
frequency dependence of attenuation in the waveguide and by its 
dispersive characteristic. Even in the ideal waveguide the most 
essential possible distortion of radio pulses due to the specific 


dispersive properties of waveguide. 


Let us examine uniform waveguide, input of which pulse 
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Wi ()-- Fy (jel, (1.68) 
where F,(t) - function, which presents pulse envelope, enters; 


W, - Carrier frequency. 


Pulse, which passed along waveguide distance /, is expressed by 


function u,(/, t). 


If transmission factor of waveguide is determined by expression 


Rae ae hte (1.69) 
that function u,(/, t) can be found with the aid of Fourier integral: 


J (wyto) tl} 


ts t= [Si (o)e dw, (1.70) 
0 
where S,(w) - spectral function of envelope of launched pulse u,(t). 


In contrast to cases of transmission of video pulses along lile 
examined above, during transmission of radio pulse with carrier 
frequency w, expressions for components of propagation constant 7, 
i.e., for B anda, it is possible to approximate by finite number of 


members of Taylor series. 
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These values in the frequency region in question vary monotonically 
and insignificantly, and therefore it is possible to be restricted to 


the first three terms of the expansion: 


B(w,-+ ©) = B+ P,o-+ Bo’, (1.71) 
a (+ ©) =a, + 4,0-} 2,0’, (1.72) 
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where B, and a, - values of the decay constant and phase at the 
carrier frequency w,; 8, a, correspond to coefficients in a linear 
change in the values with the frequency, the derivative 0x/dw in 
particular gives the signal velocity. Coefficients with the quadratic 


terms will be: 


% 
~~ 


= 








w]— vo] = 
2 & 





a6 


e 
$ . 





Derivatives of second and higher order must determine signal 
distortions. Sometimes the above-indicated coefficients can be 
determined with the approximation of graphs/curves for Bw) and a(w), 


constructed according to the experimental data. 


Let us first examine transmission of carrying oscillation, 
modulated by function F,(t), which is single drop/jump in 
voltage/stress 1(t). Let us record transmission factor in the form of 


the function of the complex frequency p=jw, then 


R (pase tO cet leis (aN), 


Let waveguide be ideal (f=0), which has propagation constant, 
expressed in the form [24] 


{(—)=i2()=+V p+ a, 


where wo, - critical frequency of waveguide. 


te eee em 
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For determining signal u,(/, t) at certain point of waveguide 
with modulating function in the form of single drop/jump in 
voltage/stress instead of expression (1.70) it is possible to use 
integral of Carson [24], who in this case is written/recorded in the 
form 

l o 
1 exp [a —<cY Pe | 


°p 


Here the duct/contour of integration c,, as it is usually accepted, is 
passed from s--joo to s+jo0o, where o is selected from the conditions 
of integration on the complex plane; c - wave propagation velocity in 


the vacuum. 


Without bringing asymptotic method of computing integral (1.73), 
presented into [24], let us record immediately expression for basic 
part of signal, which proved to be at moment/torque t at a distance / 


from beginning of waveguide: 


u,(l, t) = ratte (jo/7), (1.74) 
where 
erfe (x) =f e © di. 


x 


Here value b is determined by the expression 


tai[—teled—elten(1— ar) }- 175 
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For high values of argument it is possible to use approximation 
for erfc(x). Thus, if b/t high value and b (value, which determines 
the position of the pole ‘of the integrated function on the complex 


plane) lies/rests above real axis, then 


Ce ON ikl 1.76 
and if b lies/rests below real axis, then 
et (1.77) 


1 
u,(l, \\~ e byt 
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It follows with modulating function in the form of single 
Grop/jump in voltage/stress from expressions (1.74)- 1.77) that at 
point of waveguide at a distance / from it it began signal it is 
absent to moment of time h=+, to arrival of initial slowly 
increasing part of function u,(/, t). At the moment of time fr=—, 
where v,- - the group velocity, signal reaches half of statiorary 
amplitude, and then it approaches its steady-state value, completing 


oscillations about this value. The steepness of the front of signal 


when t=/, is determined by formula [24] 


s=V FEC) ats 


In particular it is apparent that slope/transconductance S, is 





Ne ed 
a 
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inversely proportional to square root of length of waveguide. 


Fig. 1.23 shows signal amplitude envelope U,(/, t), constructed 
depending on product S,t,, where t,=/—t It is expedient along the axis 
of abscissas to plot/deposit product S,t;, but not value t,, since 
graph/curve is universal, suitable for the different waveguides 


(having different S,). 





OY 
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Fig. 1.23. Pulse envelope at waveguide output. 
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Thus, from case of transmission of signal on ideal waveguide 
examined it follows that waveform is substantially distorted only due 
to dispersive properties of waveguide. The steepness of the front of 


signal decreases, and oscillations are observed at the apex/vertex. 


For real waveguide propagation constant 7 is expressed by more 
complicated dependence and depends on form of waveguide, type of 
propagated waves, and also on surface impeda.ice of wallS Z,=RnatjXn. 
which is function of frequency. In this case the transmitted signal 
is distorted to a great degree, but general/common waveform u,(/, t) 


is close to that shown in Fig. 1.23. 


Knowing reaction of waveguide to signal with envelope in the form 
of function of single drop/jump in voltage/stress (1.74) and using 


superposition principle, it is possible to find reaction of waveguide 





lol 
DOC = 88076704 PAGE 


to square pulse by duration t,: 


ay (Lt, ts) =a (l, QU (L, t+ te. (1.79) 


If we use concept of slope/transconductance S, according to 
(1.78), then formula (1.74) becomes standardized/normalized complex 
range of Fresnel from S, and (¢,=(—t. If at moment/torque t=0 to the 
input of waveguide (/=0) is given radio pulse with an enveloping in 
the form of ideal rectangular video pulse duration of f,, and to 
moment/torque {,=//u, it is observed the front of the radio pulse, 
which passed distance / along the waveguide, then the envelope of 


output pulse can be determined by function [24] 


Vous (4, E, ty) ~=Upus (Sul, Sulu). 


} OD 
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a} 
Fig. 1.24. oscillogram of envelope of rectangular radio pulse at 


waveguide output: a) with syv.-% Db) when s,,-0. 
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Fig. 1.24 depicts values of function JU,,,, in dependence on 
product Sy(/—t,) for two values of parameter S,/,, equal to 6 and 0.4. 
For longer durations of pulses (higher value S,t,) they to a certain 
extent retain their initial form, but the slope/transconductance of 
front and shear/section decreases, and oscillations are observed at 
the pulse apex. With decrease Syt, the pulse noticeably is 
dilated/extended in the time, testing/experiencing ever larger 
distortions, approaching in the form a pulse of bell-shaped form with 


the ghost pulses. 
Distortions of the radio pulses of bell-shaped form. 


During generation of radio pulses with duration several 
nanoseconds their real form is close in form to bell-shaped. 
Therefore is of interest the investigation of transmission on the 


waveguide of nanosecond radio pulses from the enveloping F,(t) 


—— ______smemeemmenatetmaammemmenennentctecmmmmanacemmmmnermemnccamacsaaaas ta acess aaaacasasaciasaaaaaaaaaaaaiag acaasaaaseaaccaaaaaaasii cial 
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bell-shaped form. The problem of the determination of the form of 
output pulse here is solved simpler than [25]. For the pulse of 
bell-shaped form we have 
Fy(g=e™, 
o 


S,(o)=Yane ™. (1.80) 


Duration of Gaussian pulse ¢, will be further determined at level 
0.1 of its amplitude value. Substituting (1.71), (1.72) and (1.80) 


into formula (1.70), we will obtain initial expression for the form of 


the output pulse 


oc 


ay (, = feel (mt) fy 


X {exp Bot Pe +Be'+ i (a, +a,0-+4,07)|1}"de. (181) 


Condition of integrability (1.81) can be recorded as B,/+1/4n>0. 
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It sets limitation on the maximum value of length /, if B, it is 
negative, expression (1.71) must be correctly only in the specific 


frequency region, in which must be satisfied the condition 


{exp | (! +a) wo? pel |\'< 1. 


Out of this frequency region components of signal must have very 
low values. Then integral (1.81) can be calculated [25]. The real 


part of the obtained expression gives the shape of the unknown pulse: 


ce a ee hae ee 


ioey 
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Rew, (f, t,)=U,(l, t,)cos(Qt, +8 +), — (1.82) 


where t=t—alal— =I —4,; here t, - delay time of pulse, determined 
by the length of waveguide and by group velocity 2,,; 
(— Bol +. (1+ 4n Bel) (87 2 — G] — 8n*Baylt, | 


U, (lL, t,) = if 
_o (Cl + 4nBad)? + (4nagi)?y!4 ’ 





(1.83) 
— nl + 4nil) 

O=a, (Up 4b? + (Anazf? ’ (1.84) 

ee 4n?agl : 
$= (ant? + (nagly®? (1.85) 

a ; 4n?a,3713 

MENA Be)’ ane Fda 

— arg [] + 43,1 + j4na,l). (1.86) 


In the case of absence of dispersion and losses in waveguide 
solution of equation for u,(/, t) give undistorted form of launched 


pulse: 
: Reu, (i, 1,)=Re x, (4). 


It follows from solution (1.82) and expressions (1.83)- (1.86) 
that pulse u,(/, t) has bell-shaped form, but are somewhat sealed, and 
its maximum is displaced relative to t,=0 (Fig. 1.24b). Furthermore, 
occurs the frequency modulation of the carrying oscillation, since the 


instantaneous value of frequency according to (1.82) 


0, (f,) = GUO, + d= O-F 2h. 





a 
105 
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Although in real waveguide usually occurs simultaneously 
attenuation and dispersion, during analysis more conveniently to 
nevertheless examine separately cases of presence only of dispersion 


(B=0) and onrly attenuation (a=0). 


In first case with B=0 expression (1.82) is simplified and takes 


form 
—— . 
exp, 1 + (4naql)? 4nta,lt; _ 
Rew, (4, 4)= tira [ott (Same 
+ (@2, —a,)!— + arctg (4n2,!) |. (1.87) 
71 2d 


Value of duration of pulse tious and value of frequency modulation 
of carrying oscillation is located from this expression. For the 
Gaussian pulse its duration at level 0.1 of amplitude is determined by 


2 aay. 


the expression 
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Then on the basis of expression (1.87), substituting for n value 
n 
1+ Gnazl)*’ 


we obtain expression for duration of pulse, which passed in waveguide 


distance 7: 


ty sux = 2 V 23 (1 + (4na,l))| = teVT-P Gna). (1.88) 


Change in carrier frequency is rated/estimated by expression 


00, (4) __ op __ Staal 
Oh — = R= 1 + (4nagl)? * 


For case of normal dispersion a,<0, i.e., group velocity 
increases with increase in frequency. Therefore at the point of 
reception/procedure the high-frequency components of signal will prove 


to be earlier than low-frequency constituting. 


Fig. 1.25 gives dependences of pulse duration with carrier 


frequency of 10 GHz from length of waveguide / for different duration 


of launched pulse tu. 
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From the figure one can see that most of all changes the pulse 
duration with an initial duration of t=1 ns. This pulse to the 
larger degree is subjected to the frequency modulation of the carrying 


oscillation, than the pulse of larger duration. 


J 
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Distortion of pulse can be reduced due to decrease of value a,. 
This is achieved, however, by a simultaneous increase in the frequency 


w., which is limited to the permissible frequency for this waveguide. 


In the case of account only of losses, in waveguide (a=0) 
solution (1.82) takes form 


{patios D Pare 


= exp 1 14 Anbel = x 
Ree Cty Via 4n al 
xX cos [(e. — reas) t, + (,*, -- Bo) ']. (1.89) 


Then for duration of pulse, which passed distance /jn waveguide, 


we obtain expression 


fy purx = 2 V + 408.0 sly ee 4n8,l. (I 90) 


Deviation of carrier frequency will take form 


= ea 
aaiesr: 1+ 4npal * 





Increase in attenuation with increase in frequency, thus, leads 


to decrease of carrier frequency and increase in pulse duration. 
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Fig. 1.25. Change of duration of radio pulses in dependence on 


length of waveguide (carrier frequency of 10 GHz). 


Key: (1). ns. 
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Distortions of radio pulses by line with the transmission factor, 


determined by the function of Gauss. 


Expressions given here make it possible to examine question of 
distortion of nanosecond pulses of bell-shaped form with passage 
concerning line, which has transmission factor, determined by 


expression 


K (w, + w) = e~™, (1.91) 


This case can occur, for example, during transmission of radio 
pulse along strip line with very thin metallic strips with continuous 
dielectric filling. Only the frequency dependence of attenuation in 
the dielectric here has a value. The value of this attenuation is 
proportional to the square of frequency, since the loss tangent in 
dielectric tg 6 in the small region high frequencies w,tdw grows/rises 
approximately proportional to frequency, i.e., according to expression 
(1.38) we will obtain 


Ba = Aw tg 6 = Awa o = A,s", 


where A,=const. 


Then in expression (1.91) coefficient a=A,/, where ! - length of 


line. 
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In this case expression for output pulse u,(/, t,) is found from 
expression (1.89), where it is necessary to assume/set £,=8,=0, and 
B,l=a, i.e., we have 


2 —! 


Reuz,(f, ()= ict COS wef. 


From (1.92) we find expression for the pulse duration: 


ty saxty W 1+ 4nA,l. (1.93) 


Page 69. 


Fig. 1.26 gives dependence of duration of bell-shaped radio pulse 
from passband of line (band at level 3 dB) in the case of different 


duration of launched pulse ty. 
1.8. NON-UNIFORM CIRCUITS OF TRANSMISSION. 


During formation and transformation of nanosecond pulses is found 
use of line with changing along the length linear parameters. Such 
non-uniforms circuit can be used also for the transmission of pulses, 
if it is necessary to simultaneously carry out a correction of their 
form. For the assigned duration of pulse and degree of a change in 
its form the necessary length of non-uniform circuit is determined by 
the special features of its transient response and by the time of the 


emission of the signal along the line. To different transient 


tA a ENR eT eae EE SNE MIS oe 
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responses of such lines correspond different laws of a change in their 
wave impedance p,(X). Therefore during the calculation during 
calculation and use of non-uniforms circuit of transmission it is 
necessary to know their transient responses under different laws of a 


change in the wave impedance along the line. 
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Fig. 126. Change of duration of bell-shaped radio pulse in dependence 
on passband of strip line. 


Key: (1). ns. (2). GHz. 
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Equations of non-uniform circuit. Undistorted transmission of pulses. 


For investigation of transient processes in non-uniform circuit 
let us examine first equations of heterogeneous zero-loss circuit [26, 


27, 28]: 
: — oa =L(x) 2 (1.94) 
Ox ot’ 


i a 
—Hac(xy%, (1.94) 


where u(x, t) and i(x, t) - instantaneous values of voltage/stress and 
current, 
L(x) and C(x) - linear parameters of line, which are changed with 


distance of x, calculated off beginning of line. 


Wave impedance p,(x) and wave propagation velocity v(x) depend on 
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coordinate x: 


L(x) 
r(=V Ce 
- v(x) = aoe 
PL ye (xy 


Let us introduce into equations (1.94) and (1.94a) value p,(x) 


and v(x), then we obtain equations for voltage/stress and current 





[28]: 
2 1 ou 1 Op, (x) ou 1 ou _o 1.95 
gat( (x) Ox pi(x) Ox \ ie [pi of » (1.95) 
i, / 1 Of 1 Ont) a _ tO _ gg (1 95, 
Pree} Ox. p(x) Ox ax [o (x)F of ( ) 


Let us introduce delay factor of line 


- 


c= f VL@-Ch)d (1.96) 


0 


and let us designate line characteristic in function 7 through ;pw(r). 
Then, after using to (1.95) and (1.95a) the Laplace transform, we 


obtain equations in the operational form: 


uta (py) 1 do) d# (P)_ pay (py=-0, (1.97) 
=e ag a ee 
di(p) 1 dete) di) __ pp) 0, (1.97) 
i —~ oe) ds at Pri (P) 
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For convenience we further use recording 


ose p=, . 


a 
p(t) =e, U,= “Vie (0) + “n ; 
1,=Ve@/eO) i 1, =Fa 


ERNE wee mR 


dee ga? Rey 


ee 
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where UY, and /, - normalized values u and i. 


Then equations are reduced to the form: 


dU, ye r 
a —?P U,=, ’ (1.98) 


ath 
de 


= (grit) ~ae (R= a (199) 
4()=(35 3) tae (ae ae) = # (1.992) 








pli =yi., (1.98a) 


where 


Here value N is called function of drop/jump [28] and 


characterizes rate of change of transformation ratio of wave front 


along line. 


Equations (1.98) and (1.98a) with arbitrary 9 (r) and yw (r) are 
not integrated in final form and can be solved by approximation 
methods. Only in the case of the exponential law of a change of — 
parameters L(x) and C(x), when N=const, is located a strict solution 


of the equations [29] indicated. 


Let us examine first equation (1.98) for case 9=0. Its solution 


in this case takes the form 


U, = A,e""*+- A,e, 


o 


Re Sri ore ered 
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where A, and A, - integration constant. 


In the case of infinitely long line A,=0. If at the input of 
line operates the pulse of the voltage, whose operational image Ui(p), 
and internal resistor/resistance of pulse generator is equal to zero, 


then 


G=i, (pe. 
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In this case during propagation of pulse along line form of its 


initial voltage/stress is retained. From the condition o=0 we have 
Lge Nef tN 6 
(=i) de \ 2p de)’ 


whence we find the law of a change in the wave impedance of this 


nondistorting line [28]: 


Pe) =PO) Te (1.100) 


Integration constant B here characterizes rate of change in line 
characteristic along its length. The line, whose wave impedance 
changes according to Formula (1.100), is called hyperbole trace. With 
any positive and final B with an increase in che delay r wave 
impedance decreases, and consequently, decreases the voltage/stress of 


output pulse. 


} 
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Supplying on input of this line single drop/jump in 


voltage/stress u,(t)=1(t), it is easy to find its transient response: 
oo Bas (£—*). (1.101) 


If we take hyperbole trace of finite length /,, loaded to 
resistor/resistance, equal to input resistance of missing part of line 
(f2/,), then this line also must be nondistorting. For this let us 
find current in hyperbole trace of infinite length under the influence 
on its input of a single drop/jump in the voltage/stress. According 
to (1.94) and (1.94a) for the present instance it is possible to find 


;_ B+t 
‘=Fo8 !¢—»). 


Then line impedance for any value 7, (i.e. for any length of line 


!,) is determined by expression 


p(t) (B+ 41) P(t) B (1.102) 


Zoxit) = p(t) + P(B+%) P(t) * 
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This input resistance can be represented as parallel connection 


of active p (r,) and inductive p(B+r,)p(r,) resistors/resistances. 


Thus, if line with length i, is loaded to this 


resistor/resistance, then pulse of voltage u,(t) will be transmitted 


Il / 
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we : 
along line without distortion of its form, but with reduced amplitude. 
Analogously it is possible to show [29] that the line of infinite 
length with the parabolic law of a change in the wave impedance op (r) 


does not distort the form of the current pulse, transmitted along this 


line. 
Nondistorting non-uniform circuit examined has such properties 
when pulse generator, connected at input of line, has internal 


resistor/resistance, equal to zero. 


Non-uniform circuits with the smoothly changing parameters. The 


transient responses of lines. 


As noted above, non-uniforms circuit are utilized for formation 


ee - 


and transformation of nanosecond pulses. In connection with this 
appears the task of determining the law of a change in the line \ 
characteristic with the given ones the internal resistor/resistance of | 
generator and the load resistance/resistor, and also the task of 


determining the transient response of line. In the general case this 


task is complicated, and therefore is proposed the series/row of the 
approximation methods of the study of non-uniforms circuit, and also 


their synthesis [27, 30]. 


If parameters of line change copper-feudatory with increase in 
its length, then for solving equation (1.98) it can be, in particular, 


is used small parameter method. Equation (1.98) in this case is 
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written/recorded in the form 


aU ‘ z 
ae — PU, = PU, , (1.103) 





where when 9 is a factor - low parameter u. 


Let uS represent solution of this equation in the form of 


series/row from low parameter u: 


U,=U,, tu, +e, +... 
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After substituting this expression in (1.103), we will obtain 


system of differential equations: 














Solution of these equations can be represented in the form 


Von = Ae” + A,e", 


ao 
Aa —Ppt a 
On =F fo) Tn erndy — 


co 
pt a 
— Flow) 0, 1, We-Pdy + Age? Ange? 


t 





a © © © ee ee ew lw lt lll kl 
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Here integration constant are determined from boundary 
conditions. On the basis of the obtained solution it is possible to 
find the transient response of the infinitely long line, when the 
internal resistor/resistance of pulse generator is equal to zero. 


Here they will be boundary conditions 


U,0)=1, U,(cc)=0. 


After determining integration constant, after conversions and 
transition from image of function to its original it is possible to 


obtain [28] 


tt 
U,~1—{ fey +) dyd. (1.104) 
00 
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On the basis of expression for transient response of 
heterogeneous infinitely long line (1.104) it is possible to determine 
function » (7), with which voltage/stress changes according to 
assigned law. Let the delay of line be equal to one (r=1). Asa 
result of differentiation of expression (1.104) twice on t is obtained 


difference equation relative to o(t): 


; CU, (f) 
P(—e(l+)=—E-) 





solution of which takes the form 


. By n 
(t)==— YUN (ty, (1.105) 


na=0 
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where B, - Bernoulli number. 


If it is necessary to obtain non-uniform circuit with desired 
transient response, assigned by law of change in voltage/stress U, (t), 
then from (1.105) it is necessary to find function o(t), and from it 


according to (1.99) - law of change in line characteristic P(t). 


Let it be, for example, desirable to have transient response of 


line, when voltage/stress u,(t) changes according to the law 


where k=const. This line is necessary for the correction of the 
flat/plane part of the input pulse, which is changed exponentially, 


i.e.,. when 


u(t)=Ee™. 


It is possible to ascertain that with the aid of Duhamel integral 


output potential of this line will be actua.ly constant value: 


t 
taux (= 4, 0) (O-+ (ap lt —Olu a= 
0 


t 
=Ee" + kEc”" di=:E. 


According to (1.105) we determine o=-k, or on the basis (1.99) we 
have 


1 dpi d 71 dey __ 
€ de laa) © 
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Assume as second example it is required to obtain line, which 
possesses characteristic u,(t)=1(t), i.e., not distorting transmitted 
Signals. From (1.105) we determine o(t)=0 and according to (1.99) we 
find 


Be 
e(s)=e0) apa 
i.e. we obtain expression (1.100) for hyperbole trace. 


Is of considerable practical interest determination of form of 
non-uniform circuit, which works under matching condition at input 
with internal resistor/resistance of generator R:= p(0) and at output 
with resistance/resistor of load of Ry=p (ts). The optimum law of a 
change in the wave impedance is determined from the solution of 
variational problem relative to the function of drop/jump N, i.e., 
rate of change in the heterogeneity along the line. As is known [28], 


the solution of problem proves to be condition N=k,=const. 


Hence it follows that line characteristic changes exponentially 


p==p(Qye**. (1.106) 


After determining values N and f, it is possible then on the 


— SS 


' io 
DOC = 88076705 PAGE N 


basis (1.104) to find expression for transient response of infinitely 


long exponential line: 


pha eee, (1.107) 


Transient response of exponential line is given in Fig. 1.27. 
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Fig. 1.27. Transient response of exponential transmission line in 
dependence on delay time of line, calculated: ---- according to 


precise formulas; === according to approximations. 
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Dotted line showed the course of the transient response, expression 
for which is obtained as a result of the exact solution of the 


equation of exponential line [29]. 
Exponential line. 


Exponential lines find wide application in nanosecond pulse 
technique as equalizers and distributed transformers. This line has 
an inductance and a capacitance per unit length, which change along 


the line according to the law 


L (x) = L,e*, C (x) = Cye-*e, 


where k - positive or negative constant. 


ESR ore rie ere eee — er ee TURNS SSNs 
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Line characteristic can be recorded in the form 
=Ve eh = p(O)et. 
Delay time per unit of length of line remains constant/invariable 
and is determined by expression 
1,,-= VIGC) = LE (1.108) 


Consequently, expression for wave impedance can be recorded thus: 


ke 


p=piOje %, (1.109) 
where r is determined by expression (1.96). 
We will obtain equations of exponential line, if into equations 
(1.97) and (1.97a) we substitute value p from (1.109). Then 


1 du k da “ 


pod pt, de —4#=9, (1.110) 
Jl di kde + 
PP de pi, de '=0. (1.110a) 


Solution of equation (1.110) in general form can be recorded as 
sum of waves: wave u,(%), propagated from beginning line (x=0) to its 
end/lead, and wave y,(z), which is propagated in opposite direction, 


i.e., we have 


N (t) Ug (t)+ ly (s). 
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Expressions for these take form 
ig (t) = Ha (0) exp [a 42-0]. (1.111) 
uo (s)= uy O)exp[ = (z+4)], (1.11 1a) 


where u,(0) and u,©) - integration constant, and q is determined by 


expression 


k? k? 
g=+Yy Pe, +> = Plat Spe 


Hence expressions (1.111) and (1.111la) approximately will be 


recorded in the form 


kt 


fl, (2) = tt, (0) ev eri = ints) (1.112) 


kt 
ity) = ty O)eMe™ (14 577), (1.1120) 
B8ptio 
where by members of higher order relative to 1/p how the first, we 


here disregard. 


It is evident from expression (1.112) that constant 4,(0) (i.e. 
-4a(*) with x=r=0) is amplitude of voltage/stress in the beginning of 
line. Factor e” indicates the motion of wave along the line with 
the delay +r. The second member of expression (1.112) determines the 
distortion of pulse due to the reduction of his amplitude on the 


value, proportional to integral on the time of input pulse (0). 


‘ho 
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If to input of line is given single square pulse by duration 4, 
then with its passage along line pulse apex will change according to 
linear law on value, determined by term 221,/8ta. 
Exact expression of solution (1.111) shows that change in pulse 
apex during its propagation along line differs somewhat from linear 


dependence, which follows from Fig. 1.27. 
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Transient response of line with the losses. 


Losses in non-uniform circuit were not considered in all cases 
examined above. However, in the nanosecond range for the 
evaluation/estimate of the distortions of pulses (especially their 


front and of shear/section) it is desirable to consider losses. 


Effect of total losses in non-uniform circuit to its transient 
response to consider difficultly. This problem is approximately 
solved only for the case of losses only in the conductors of line 
{31]. For the determination of transient response in this case it is 
necessary to solve the generalized equation of non-uniform circuit 
taking into account the impedance, caused by surface effect in the 
conductors. This resSistor/resistance is represented in the same form, 
as in the case of uniform line; however, here its value per unit of 


length depends on distance along the line. 


Ja7 
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Transient response of non-uniform circuit with losses differs 
from characteristic of zero-loss circuit by fact that frontal part of 


characteristic increases according to the law, determined by function 


Alty =1-0(=), 


where ®(/2V1,) - function of Kramp; 
if Cay 


where n(x) - coefficient of surface effect in conductors; 

C(x) and L(x) - linear capacity/capacitance and inductance; 

x, - distance at point of line in question, calculated off its 
beginning; 


t= t—Fot—t,; t, - delay time. 


Furthermore, decay in flat/plane part of characteristic occurs on 
somewhat different law, than in characteristic of zero-loss circuit. 
During the transmission of pulses with duration about 1 ns decay in 
its apex/vertex, as in the case of zero-loss circuit, it is 
insignificant. However, the distortions of the edge of pulse 
(decrease of its slope/transconductance) in non-uniform circuit it is 
just as noticeable as in the uniform line of transmission, upon 


consideration of losses only into the conductor. 


[AO 
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CHAPTER TWO. 


TRANSIENT PROCESSES IN TRANSMISSION LINES WITH THE DISCRETE/DIGITAL 
HETEROGENEITIES. TRANSFORMATION OF PULSES. 
2.1. SPECIAL FEATURES OF TRANSMISSION OF PULSES IN DISTRIBUTED 


SYSTEMS WITH DISCRETE/DIGITAL HETEROGENEITIES. 


In first chapter was examined question about transmission of 
pulses of nanosecond duration along such distributed systems as 
coaxial cables, strip lines, etc. It was shown that unavoidable 
losses in the metal and the dielectric it leads to the distortion of 
the shape of pulses. However, the source of the distortions of pulses 
in the transmission lines cam be heterogeneities at the ends/leads of 
the line or at any point of it. These heterogeneities are caused by 
the insufficiently good agreement of line with the load or with other 
lines. Furthermore, in a number of cases of line they are specially 
made by heterogeneous, since heterogeneities in them it is in 
principle necessary for the normal functioning of system (stepped 
transformers, traveling-wave amplifiers, etc.). Heterogeneities in 
the transmission line do not always lead to the distortions of the 
shape of pulses. In order to explain this fact, let us examine the 


condition for the undistorted transmission of pulses. 





JX] 
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It is known from theory of transmission of signals that 
undistorted transmission is possible when modulus of complex 
transmission factor of system is equal to constant value, and argument 


is linear function of frequency: 


K (o)=K,, (2.1) 
9 (0) = — fae 
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as 


In temporary/time aspect condition for undistorted transmission 
is formulated as follows: transient response of nondistorting system 
must take form of unit function, multiplied by value K, and displaced 
to the right to period t,, which represents delay time of oscillation 


with passage along system: 


AW=K,1(¢—4,). (2.2) 


We will consider it that very transmission lines are ideal, i.e., 
not contributing distortions, and that all distortions of pulses are 
caused by presence of discrete/digital heterogeneities. In this case 
it is possible to show that for the pulses, the repetition period of 
which is much more than their duration (T>1t,), the conditions for the 
undistorted transmission, formulated above, are sufficient, but not 


necessary. 


Pulse signal is function of limited extent. This means that 


conditions (2.1) or (2.2) must be fulfilled only in the limited 
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ws 
period, equal to the duration of the converted oscillation, and can 
not be fulfilled at the later moments of time. Thus, the condition 
for the undistorted transmission can be formulated in the form 


AW=Ki (tts) ts Sb Sta the (2.3) 


It is not difficult to see that facilitation of conditions for 
undistorted transmission significantly expands class of linear 
systems, suitable for converting oscillations without change in their 
form. For example, the linear network, which satisfies condition 
(2.2), is the uniform long line, loaded to the wave impedance. The 
realization of this system meets large difficulties due to the need of 
guaranteeing the constancy of the load resistance/resistor in the very 
wide frequency band, which stretches to ones and even to tens of 


gigahertz. 


Account of final and, more precise speaking, for very short pulse 
duration makes it possible in many instances to forego agreement of 


line with load. 
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For the pulse with duration t& even the mismatched line is ideal, 
i.e., not distorting, by quadrupole, if only travel time along the 


line is not less than half of the pulse duration. 


In microsecond range of pulse durations satisfaction of condition 


tu<ts (fs - doubled time of landing run of pulse along line) is 





13f 
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hindered/hampered by fact that it requires application of lines of 
large length. In the nanosecond range the necessary lengths of lines 
are structurally acceptable. (For example, during the use of cable 
PK-75-4-15 with the delay 5 ns/m the required length of cable for the 
undistorted transmission of pulses by the duration of 1 ns is 
approximately 10 cm.) fhe account of the final pulse duration makes it 
possible not only to facilitate the task of the agreement of lines, 
but also opens/discloses the possibilities of designing of systems 
with the discrete/digital heterogeneities, in which precisely the 
presence of heterogeneities creates the desired effect of conversion 
(transformation, inversion, amplification, etc.) and at the same time 


does not lead to the distortions of the shape of pulse. 
2.2. CONCEPT ABOUT LOOP CIRCUITS. 


Any radio engineering device/equipment can be considered as 
certain set, elements of which are its blocks, either assemblies or 
parts, or even infinitesimal sections/segments of conductors. The 
elements of the construction/design of device/equipment not 
necessarily must be elements of set; the voltages/stresses between any 
points or currents in the separate branches can be also them. All 
elements of the set, which composes radio engineering 
device/equipment, are located between themselves in the specific 
connections/communications. These conhecti ons /communi cations are 


created from the set of the elements of the system of elements. 


gn et I, re ae ne oe —ecemtaegpnanedt— od 
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As a rule, any two elements of system are connected with 
bilateral internal connection. A change in the value of the first 
element (as which it can be accepted, for example, input voltage) 
produces a change in the value of the second element (for example, 
output voltage/stress); in turn, a change in the size of the second 


element produces a change in the value of the first element, etc. 
Page 83. 


Together with the elements, which are found in the two-way 
communication, are elements, connected with one-way communication 
(this connection/communication it is called also directed). Following 
M. S. Neumann [32], we will call the system of elements, which are 
found in the two-way communication, ring, and the system of elements, 
which are located in one-way communication, by the broken circuit or 


simply by circuit. 


In present section are examined some properties of rings, whose 
knowledge is necessary for understanding of work of distributed 
systems with discrete/digital heterogeneities, such, as stepped 
transformers, transformers and inverters, formed by cable segments, 
traveling-wave amplifiers and other devices/equipment. All 
distributed systems with the discrete/digital heterogeneities are 
rings. Simple ring forms the uniform line, not matched in the 
beginning and at the end/lead. The connection/communication between 
the voltages/stresses on itS input and output appears due to the 


reflection of waves from the beginning and the end/lead of the line. 


133 
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The lines, which have heterogeneities halfway, such, as stepped 
transformer, the traveling-wave amplifier, etc., are the complex 
system of the intersected rings, called subsequently in abbreviated 


form loop circuit. 


In subsequent chapters it will be shown also, that rings are all 
devices/equipment with feedback; circular mechanism is inherent in 
elements with negative resistance. Therefore the examination of the 
general/common properties of loop circuits is of considerable interest 


for the nanosecond pulse technique. 


Let us pause first at processes, which occur in single ring, 
i.e., ring, formed by two elements. In it there are two communication 
channels: by the straight line, by which is transmitted the effect of 
the first element on the second, and the reverse/inverse, on which 
gives self up the effect of the second element on the first. Ring 
differs from the broken circuit in terms of the fact that in it is 
Sertain locked internal circuit, formed by the series-connected 
channels of straight line and reverse/inverse supply. The 
characteristics of the rings, which define its behavior in external 
circuit, in which it is included, they depend substantially on the 
processes, which occur in its internal circuit, and appear as the 


reflection of these processes. 


In present section we will assume that channels of straight line 


and reverse/inverse supply are characterized by linear integral 
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operators Ax and As respectively. 
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The integral character of linear operators is caused by the 
limitedness of the bandwidth of communications. When the bandwidth of 
communications can be considered unlimited, linear transformations no 


longer carry integral character. 


Second special feature of communication channels consists in the 
fact that effect of one element on another is transmitted by them not 
instantly, but for a certain period of time called time lag. In the 
systems with the distributed constants this time lag is caused by the 
final velocity of propagation of oscillations, while in the systems 
with the concentrated constants, in which there is no true time lag of 
oscillations, by the specific distortions of the shape of the 
transmitted pulses, which create the effect, which reminds the effect 


of time lag. 


We will call process of converting oscillation loop circuit by 
circular process of conversion. In general form the circular process 
of conversion consists of the following. The converted voltage/stress 
u, enters the input of system. With the aid of the 
connection/communication, which exists between the input of system A 
and its output B, the voltage/stress indicated is transmitted from A 
to B, undergoing a certain conversion in the channel of direct feed. 


Output potential of system B changes; this change is characterized by 
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value Axu, where 4, - Operator, who presents the process of 
conversion, which is realized above the input voltage in the channel | 
of direct feed. The presence of feedback - from B to A - leads to the 


| fact that the voltage/stress at point A again changes and this change 





is characterized by value 4xAs%, where As - operator, who presents 
the process of conversion, completed above the oscillation during the 
transmission from B to A. input oscillation completed complete cycle 


on locked internal circuit of ring. 


Process of circular conversion is theoretically process with 
infinite number of repetition of operations. After completing one 
cycle on internal circuit of ring, input oscillation completes then 
the second cycle, the third, the fourth, etc. With respect to this a 
change in the voltage/stress at point A is characterized 
consecutively/serially by values 4: AgAglttes Ag Apter where the degree 
of operator shows the number of repetitions of the operation of 


conversion. 
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In exactly the same manner voltage/stress at point B equal to the sum 
of disturbances/perturbations 1.15 Ay Ajme: Aplyoi--» so that total 


variation in the voltage/stress at point B 


oo 


no an-t 
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moreover A’, is an operator of multiplication by one. 
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It is easy to see that «, is solution of operational equation 


uy A, Agt = A, Uy. (2.4) 


Since A, and Az is linear integral operators, (2.4) - linear 
integral equation of Volterra of 2nd order. The solution of equation 


is convenient to represent in the form 


Uy =Aglty + y AAS iy. (2.5) 
a=! 


First member of expression (2.5) is fundamental oscillation, 
i.e., oscillation, devoted from input of ring to his output and 
converted in channel of direct feed. For the majority of the systems, 
intended for the undistorted conversion of oscillations, precisely, 
this term in (2.5) gives the efficiency of conversion. Second term, 
which is the sum of the infinite series of components, is caused by 
the presence of feedback in the system. This oscillation accompanies 
fundamental oscillation and in communication equipment are called 
"wake current” [33]. 

= 

Special feature of distributed systems with discrete/digital 
heterogeneities is the fact that they possess true time lag. Because 
of this all components of series/row (2.5) prove to be displaced along 
the time axis. If the duration of converted oscillation A,xuw is 
sufficiently short, i.e., it is less than the time by which lag the 
components of series/row (2.5), then the action of wake current will 


be begun after the passage of fundamental oscillation and system will 


J 
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prove to be satisfying condition undistorted transmission (2.3). It 


must be noted that wake current is not always undesirable phenomenon. 
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In the series/row of devices/equipment it is utilized for an increase 
in the amplitude of oscillations, for converting of the oscillations 


and other targets. 


Linear ring can be represented by functional diagram, shown in 
Fig. 2.1. This diagram consists of four blocks. JIablock 1 with the 
positive sign of feedback is conducted the addition of input voltage 
and recurrent, that enters from the channel of feedback, and their 
subtraction occurs with the negative sign of feedback. Block 2 is the 
unipolar or directed element with the transmission factor m(m<1). 
This element does not introduce distortions into the form of the 
transmitted. oscillation and does not change its polarity. The 
directed element does not pass oscillations from the output of system 
to the input besides the channel of reverse/inverse supply. The 
transmission factor of this element is a modulus of the complex 
transmission gain on internal circuit‘of ring on the medium 
frequencies, which does not affect the action of the reactive/jet 
network elements. Block 3 is filter. It is assumed that it considers 
the action of all reactive/jet circuit parameters, including delay 
line, that limit the passband of device/equipment. Ideal delay line 
(block 4) possesses delay time t,. Its idealization lies in the fact 


that it possesses neither attenuation nor dispersion. 
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Systems with distributed parameters can be represented by the 
same functional diagram. As noted, the first node of functional 


diagzam determines the sign of feedback. 
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Fig. 2.1. Functional diagram of single ring: 1 - summator; 2 - 


directed element; 3 - filter; 4 - delay line. 
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In the system with the distributed parameters, not matched on the 
ends/leads and presenting single ring, sign of feedback it is 
determined by the sign of the product of reflection coefficients from 
the ends/leads of the line at the medium frequencies, which does not 
affect the action of the reactances of loads. Feedback will be 
positive, if reflection coefficients will have identical Signs, and 
negative, if the signs of reflection coefficients will be different. 
The directed element of functional diagram determines the value of 
feedback. In the distributed system without the losses the factor of 


feedback is equal to the product of the moduli of complex reflection 


' coefficients from the ends/leads of the line at the medium 


frequencies. The complex transmission factor of filter for the 
distributed systems is equal to the product of complex reflection 
coefficients from the ends/leads of the line, divided into the factor 
of feedback. Delay time in the delay line is equal to doubled time of 


landing run of oscillation along the distributed system. 





www - 90UN10/U0 rau is, 


Let us examine transient processes, which occur in single ring 
during the supplying to its input of single drop/jump in 
voltage/stress. For this we will use Formula (2.5), which let us 


rewrite in the form 


Up A, YR "Uo (2.6) 
where R=A,Az - Operator of internal circuit of ring. 


Let us assume that u, is harmonic oscillation, then R will be 
complex transmission factor of internal circuit of ring, and Ax - 


complex coefficient of channel of direct feed. It is easy to see that 


nos — wot, 
A=(Itpe 7, (2.7) 
R=P,P, ee, (2.8) 
where p, - complex reflection coefficient from the left end/lead of 
the line; 


P. - from right end of line. 


Substituting expression (2.7) and (2.8) in (2.6), we will obtain 


up = +BY) Bp eo ey. 


ast 
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Let us turn first to case, when reflection coefficients are real. 


Then 
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oo 
uy=K,¥) marten May gy (2.9) 


n=l 


where K,=1+p,, m=pip2. 


If we assume that u, is spectral function of single drop/jump in 
voltage/stress, then uz; will be spectral function of transient 
response of ring. Using to expression (2.9) inverse transformation of 
Fourier, we will obtain the equation of the transient response of the 


ring 


A®=K.Y) m"-* 1 [t — (2 —1/2) te]: (2.10) 


a=1 
o 
Example of transient response for case, when m>0, is given in 
Fig. 2.2. it is step function. From the figure one can see that in 
section/segment 1istests the estan. whbee transient response is 
described by equation (2.10), Satisfies the condition for undistorted 


transmission (2.3). 
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Fig. 2.2. Transient response of single ring with unlimited passband 


of internal circuit. 
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Let us note that the equation of the enveloping transient response is 


the exponential function 


Pin) KS) m' == oe (1—e"® my. 


v.l 


With m<1l and n-= the envelope approaches the steady-state value 


Por = pas 
Fig. 2.3 presents processes, which occur during the supplying to 
input of ring of single pulse. Output potential of ring in this case 
is the sum of fundamental (first) pulse and series of the decreasing 
in the amplitude pulses, which were being formed with the reflection 
from the ends/leads of the line. These supplementary pulses are wake 


current, which was discussed above. 


a 
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Let us assume now that passband of internal circuit is limited 
and complex transmission factor of internal circuit 


_ om —jet 
c— 1 + jax ons 


where r - certain equivalent time constant. 
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Fig. 2.3. Passage of single pulse through loop circuit. The shaded 


pulses are wake current. 
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In this case 


oe 
faces m n-2 —je(n—1/2)¢ 
uy=K,Y) (+4) e ° Uy. 
a=! 


Using to this expression inversion formula, we will obtain [34] 


oo 
= n-1Tfa—l, x— (n—1)2) x, 
A()=K, J) m Po (2.11) 


: ; t t 
where f(n, x) - incomplete gamma function; x=—; =. 


According to equation (2.11) in Fig. 2.4 is constructed transient 
response of ring for case of m>0. It differs from the transient 
response of ring with the unlimited passband in terms of the fact that 
the steps of characteristic are rounded off. System is distorting; 


however, the distortions of different sections of curve are different. 


14S 
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In interval of time ["/t,, %/t] transient response is to exponent, “ 
time constant of which is equal to r. If the pulse duration is less 
than t,, then the distortions of its front can be evaluated by the 


time of establishment t,=2,2+. 
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Fig. 2.4. Transient response of single ring, passband of internal 


circuit of which is limited in region of higher frequencies. 
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In the large pulse duration the distortion of their form will be more 
essential; however, their amplitude due to wake current will increase 


in 1/(1-m) times. 


In order to rate/estimate distortions of pulses, whose duration 
much more t,, let us introduce concept of generalized envelope. The 
concept of envelope for the piecewise-smooth function is characterized 
by known arbitrariness. We will understand under generalized envelope 
such flat approximating function, which in a sense presents well 
transient response. In this case the envelope, understood ina 
broader sense, must: a) in the process of the transition of 
characteristic from the piecewise-smooth function to the stepped 
present known envelope of step function and b) in the process of 


transition from the piecewise-smooth function into the flat function 


represent function itself. 
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Approximating function of form 





P(t)= Ae (1-- et), (2.12) 


where equivalent time constant 





Satisfies these conditions. 
AND 


t . . . 
Whent=0 6=— 7 a envelope coincides from enveloping step 
any 


m 


t 


— “the envelope coincides with function 





function. When /,=0 §=; 
itself. According to expression (2.12), the time of the establishment 
of the pulse of large duration s,—2,2) is always more than the time of 
the establishment of the pulse, whose duration is less than t,. With 


the high values of t, these times can be incommensurable. , 


Very frequently, however, values r and t, have identical order 
(for example, in traveling-wave amplifiers). Above has already been 
indicated that for the pulses of large duration is observed an 
increase of the amplitude of oscillations in 1/(1-m) times due to the 
use of wake current. This fact cannot, however, compensate for an 


increase in the time of establishment. 
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Let us introduce a certain value (equivalent to the area of 
amplification), which is the ratio of gain in the amplitude of 
oscillation due to the use of wake current to the time of the 


establishment: 








ps 
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(2.13) 


For pulses of short duration this value is equal to rar: Let us 
assume in Formula (2.13) t,=0, then value ee will be the time of 
the establishment of pulse in the re-generative amplifier without the 
time lag. It is obvious that in this case A=1/2.27, i.e., no gain in 
the area of amplification it is obtained. With any t,, different from 
zero, value A is still less, i.e., the introduction of time lag only 


increases the distortions of pulse, evaluated on generalized envelope. 


Let us turn now to spectral characteristics of ring. Let us 
assume for simplicity that K,=1, and let us drop/omit the time lag of 
pulse in transit through the channel of direct feed, i.e., will accept 


expression for the complex transmission factor in the form 


K (0) =V mre PO 


n=l 


(2.14) 


Since m<1, then series/row (2.14) converges and 


1— me 


Modulus of this expression, i.e., amplitude-frequency 


characteristic of ring 
1 
K (o) = 


“Vi- m?— Imcos wf,’ 


(2.15) 


is periodic function of frequency. 
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Fig. 2.5. Amplitude-frequency characteristics of single ring with 
unlimited passband of internal circuit: a) in usual and b) in 


logarithmic scales. 
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With m>0 at frequencies me this characteristic passes through 


maximums , 
Kuaxe= 7, 
—m 
but at frequencies a=, - through the minimums 
‘3 
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Example of amplitude-frequency characteristic of ring, which 
possesses unlimited passband of internal circuit, is given in Fig. 


2.5. It takes the characteristic comb form. 
Phase-frequency characteristic of ring can be found from (2.14) 
and is represented in the form 


9 (0) = — are tg 7 Sines _ (2.16) 


— m cos @t, 


Phase-frequency characteristic of ring for case of m>0 is shown 


in Fig. 2.6. 
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Fig. 2.6. Phase-frequency characteristics of single ring with 


unlimited passband of internal circuit. 
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Graphs/curves given in Fig. 2.5 and 2.6 do not make it possible 
to judge that, are suitable data of system for distorted transmission 
of pulses. In Fig 2.5 amplitude-frequency characteristics of ring are 


given for several values of the factor of feedback m. 


With small m amplitude-frequency characteristic is more smoothed. 
Decrease m in connection with the ring, formed by the section of long 
line, indicates an improvement in the agreement of line with the load. 
However, the examination of the transient responses of ring, given 
earlier, shows that the conditions for the transmission of the pulses, 
whose duration is less than t,, do not change from that, the value of 


the factor of feedback more or less is undertaken. 
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Spectral characteristics of ring, given in mentioned above Fig. 
2.5 and 2.6, are static characteristics. In order to be introduced to 
its dynamic characteristics and to explain the process of the 
formation of static characteristics, let us turn to the diagram of the 
substitution of ring. In order to construct this diagram, we will use 
expression (2.6). According to this expression the oscillation at the 
output of ring is the infinite sequence of pulses. The first pulse is 
formed by the input pulse, which passed only along the channel of 
direct feed, the second - by pulse, which passed from the input to the 
output along the channel of direct feed and which completed one 
additional cycle of rotation/access on the closed loop of feedback, 
the third - by pulse, which completed two cycles of rotation/access 


and, etc. 


On the basis of mechanism of work of ring described above, it is 
possible to represent its equivalent circuit in the form, shown in 
Fig. 2.7. This diagram consists of quadrupole K, which replaces the 
channel of direct feed, and the infinite series of the circuits, which 
replace the channel of the reverse/inverse supply B. Let us write 
expression for the complex transmission factor of the equivalent 
circuit, which consists of the NW branches: 

W,— iNet, 


K (N,"w) === 


1— me /*%s 
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Modulus of this expression, i.e., equation of amplitude-frequency 


characteristic, takes form 


R(N je 1+ m°* _ om’ cos Net, 
, 1+ m? — 2m cos @l; 


Form of amplitude-frequency characteristic of equivalent circuit 
depends on N; with N-e, as it is not difficult to see, K(N, w) accepts 


form (2.15) (m’ +0 with Noo. 


In fig 2.8. amplitude-frequency characteristics of equivalent 
circuit, which contain one, two, are shown, three and more than 
branches. It is possible to examine these curves just as separate 
stages of the formation of the stationary amplitude-frequency 
characteristic of ring. In the period, which does not exceed t,, 
amplitude-frequency characteristic is the straight/direct, parallel 
axes of abscissas, i.e., system is nondistorting. To its output the 
oscillations/vibration/oscillations, which completed one, two, begin 
to come in proportion to, three and more than cycles on the internal 
loop of feedback, the form of amplitude-frequency characteristic 
changes. The maximums and the minimums appear at the characteristic; 
in the course of time the maximums increase, and failures/dips/troughs 
between them become deeper. With the unlimited increase of time 
amplitude-frequency characteristic how conveniently closely approaches 
the characteristic of steady state. From the graphs/curves given the 


role of the dynamic characteristics of the systems, which actually 
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determine the distortions of the pulses of different duration, here 


becomes clear. 
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Fig. 2.7. Diagram of substitution of single ring by broken circuits. 
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Let us turn now to case, when ring has limited passband, so that 


transmission factor of internal circuit 


jot . I 


R (wo) = me “Th jer" 


After using known formula for complex transmission factor of 


device/equipment with feedback 





it is possible to obtain 


K (a) = —_—_—_-.. 


1 + jor — me 


Modulus of transmission factor 


Igy) ee ee 1 F 
) Vii + m? + yt — 2m WTF gy? cos 8 (y) or 


where yar X= “2; Oy) =— (are tgy + xy). 
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Fig. 2.8. Process of formation of amplitude-frequency 


characteristics of single ring. 
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When in ring layout of integrating component/link is present, its 
amplitude-frequency characteristic will no longer be periodic function 
of frequency. The maximums of characteristic are arranged/located not 
at equidistance, but their value decreases with an increase in the 
frequency. The frequencies, at which occur the maximums, can be 


determined from the equation 


arc tg y + Xgy = 2ke. 
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Fig. 2.9. Amplitude-frequency characteristics of single ring, 
passband of internal circuit of which is limited in region of higher 


frequencies: a) for t,/r=20; b) for t,/r=100. 
Page 99. 
Envelope of maximums of characteristic 


1 
Vi¢y—m- 


K(y)= 
It is easy to see that envelope of maximums decreases with 
increase in frequency more rapidly than transmission factor of filter. 


This is explained by the fact that at frequencies, which correspond to 
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maximum values, in the ring operates purely the positive feedback, 


which amplifies the nonuniformity of characteristic. 


Fig. 2.9 gives sami dudestcequendy characteristics of ring with 
positive delayed feedback, which contains low-pass filter. Fig. 2.9a 
corresponds to the case, when t,/r=20, while Fig. 2.9b - when 
t,/7r=100. In both cases of m=0.9. The disturbance/breakdown of the 
equidistance of the maximums and minimums is developed the stronger, 


the less x,. 


Let us determine passband of ring on enveloping 


amplitude-frequency characteristic. After assuming 


1 ee : 
| ‘once =" 
let us find that Vit 


yrp=V V2—m(¥ 2—1'—1 





or approximately Opp = Opp 1 —1,17m +0,1 7m", (2.18) 


where rp - the cut-off frequency of filter. 
Dependence of relation Q,/om on m is given in Fig. 2.10. It 
follows from the graph/curve that the passband of ring is the less, 


the nearer m to one, and it becomes zero with m=l1. 


For practice there is great interest in possibility of 
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evaluation/estimate of distortions of shape of pulse according to 
static amplitude-frequency characteristics. In the general case the 
solution of this problem is very complicated, but some recommendations 
can be expressed for the example of single ring in question. Formula 
(2.18) makes it possible to rate/estimate the filter pass band, which 


stands in internal circuit of ring wr, if are known Q,, and m. 
Page 100. 


Value Q» can be determined on the enveloping stationary 
amplitude-frequency characteristic of ring, and m - through the 
relation of the first maximums and minimums of characteristic 
according to the formula 


a Kuanc — Kaun 


WS Kaveek Kuan 


After determining value let us find time of establishment of 


“rp, 


pulse, whose duration is less (;, ty=2,2/orp. 


2.3. DISTORTIONS OF THE SHAPE OF PULSES WITH THE PASSAGE ALONG THE 
TRANSMISSION LINES WITH THE THE DISCRETE/DIGITAL TO IRREGULARITIES 


ENDTITLE. 


In preceding/previous sections of present chapter were examined 
conditions, with which was possible undistorted transmission of pulses 
through transmission lines with discrete/digital heterogeneities, and 


general/common properties of loop circuits are also analyzed. 
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Fig. 2.10. Dependence of relative passband of ring on value of factor 
of feedback. 


Page 101.~ 


Let us pause now at a question about the distortions of pulses, during 
their propagation concerning the transmission lines due to the 
discrete/digital heterogeneities in the lines. Such heterogeneities 
can be formed as a result of a change in the distance between the 


conductors of the line, presence of the insulating washers and other 


reasons. 


Let us examine first simple case, when heterogeneity in line is 
caused by change in itsS wave impedance. Let the line characteristic 


in section/segment [0, x,] be equal p., in the section/segment [x,, 


oo 
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wn 
x,] is equal to p and with x>x, is again equal p,. Value p can be 


both more and it is less p,. 


Fig. 2.11 shows law of change in line characteristic for case 
p>p.. The section of line [x,, x.] is single ring. It is easy to see 
that for the wave, which is propagated from left to right, the 
reflection coefficients at points x, and x, are equal in magnitude and 


are reverse/inverse on the sign, and therefore 
Ag=(1—pye ”", (2.19) 


Here in A, are taken into consideration two passages of signal 
through heterogeneity in contrast to formula (2.7). Time of landing 
run along the line in the section [x,, x,] is marked through ?/,t,. 
For the waves reflected, which circulate within the ring, the 
reflection coefficients at points x, and x, are identical, and 


therefore 


» wiet 
R= pe, 


Ne nnn aaa 
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Fig. 2.11. Example of abrupt change in line characteristic of 


transmission. 
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On the basis of formula (2.19) it is possible to write following 
expression for transient response of line, which contains 


heterogeneity: 


A(=(1 ny prin i[t—(n—) 1]. 


a=l 


With passage of square pulse through heterogeneity, frontal part 
of pulse is distorted, taking stepped form, as it was shown in Fig. 
2.2. The pulse amplitude in this case does not change, since the 


steady-state value of transient response is equal to one, since 


Step function approximately it can replace with exponential, 


after defining latter/last as envelope 
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a 
P(inz)=( =P); pon 1—p"™=1 tt niet, 


v=! 


This expression can be rewritten in the form 


= in tal 
or P(t)=1—e?* 
—tlTog 
P(t)=l1—e ‘ 
Senter, 2.20 
where %00= — Fin [pl am 


Thus, if we judge by envelope, square pulse will be distorted 
then, as if into transmission line was included/switched on certain 
capacity/capacitance Co Time constant of capacity/capacitance 
2 = PeCoe- Equalizing values r and ‘toe it is possible to find the value 


of the equivalent capacity/capacitance: 


Gee et 
- P, in jy) . 
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Time of establishment of pulse after passage of heterogeneity 


-- 6 
fy = 2,249. 


For determining value «,. it is possible to use graph/curve, 
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given in Fig. 2.12, in which is given dependence ‘*oe=/[(/P,) for 
different values of t, [16]. It is evident from the graph/curve that 


the equivalent time constant depends substantially on the ratio p/p,. 


If heterogeneity is caused by presence in line of insulating 
washer with dielectric constant e and by length /, then 
Ve 


ive | 
2c In ae 


Toe = 





It is taken into consideration during derivation of this formula 





that sata, At ag VS where c=3-10?* cm/s. Calculation shows that with 
e c ’ 


f=5 mm and ¢=2425 +,=13,4-10-418 X10-" S- 


Jump of wave impedance appears with curvature of strip 


transmission lines. 
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Fig. 2.12. Dependence of equivalent time constant on relation of wave 
impedance of adjacent sections of line for different values of time 
lag. 


Keys (1). ... ns. 
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Fig. 2.13 show two cases of the curvature of line. The wave impedance 


of the bent part of the line 
p=e[l (ape) |> 


where p, - wave impedance of straight line; 
a - width of ribbon conductors; 


R, and R, - bending radii. 


Positive sign in formula corresponds to Fig. 2.13a, and negative 
- Fig. 2.13b. Substituting this expression into the formula for 


determining the time constant, let us find that 


ney 
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where R= + (R, + R,)- 


For determining time lag it is necessary to know average/mean 
length of curvature of line lep=R and wave propagation velocity in 
line v. Then t,=/.,/v. The dependence of value Toe/ts from ratio R/a is 
given in Fig. 2.14. Knowing this value and delay time t,, it is 
possible to find equivalent time constant. For example, with R=2 cm 
and «=2 /,~1,5-10°" gs. If R/a varies from 0.5 to 5, then 


Sop = 50-10"! + 21-10"? s. 


Analogous phenomenon occurs, also, with curvature of coaxial 


cable. The wave impedance of the bent part of the cable 


D\3 
p=P,|I or az) |. 
where D - diameter of external conductor; 
R - bending radius. 
Relation ‘te/fa will take form: 
Zoe 1 


eS a 
E in| 128 (—] —1| 


After accepting R/D=5, we obtain ~*=0,12, approximately the same 


value, as for strip line. 
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Formulas given in present section and graphs/curves make it 
possible to rate/estimate effect of discrete/digital heterogeneities 


on transmission of nanosecond pulses. 


Action only of single heterogeneity above was examined: in many 


cases of such heterogeneities there can be sufficiently much. 


ley 
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Fig. 2.13. Forms of curvature of strip transmission line. 





Fig. 2.14. Dependence of value w/t; from ratio R/a. The curves a and 
b correspond to strip lines with the different curvature (Fig. 2.13a 


and b). 
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In this more complicated case they proceed from the following 
considerations. Fundamental oscillation and wake current is obtained 


with the passage of the pulse oscillation through the distributed 
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system with the discrete/digital heterogeneities at its output. If 
wake current is not superimposed on the fundamental oscillation, which 
occurs when the pulse duration is less than doubled time of landing 


run between the nearest heterogeneities, then time constant 
to= Ve te teit ret ty, 


where Toei, Toe2, Toes,... — time constants of individual heterogeneities. 


Present formula is consequence of fundamental limit theorem of 
probability theory and assumes independence of action of 


heterogeneities. 


But if wake current is superimposed on fundamental oscillation, 
then calculation of distortions of pulses becomes considerable more 
complicated. In this case it follows to first calculate fundamental 
oscillation and wake current on the assumption that they are spread on 
the time, and then to use the principle of superposition. It is 
necessary to keep in mind that component/term of wake current, which 
arrive at the later moments of time, are usually strongly they are 
weakened, which simplifies the calculation of distortions. The . 
calculation of the distortions of the shape of pulse due to the action 
of wake current is examined in chapter 9 in connection with 
traveling-wave amplifier. The more general case is analyzed into 
[35], where the method of calculation of the effect of 
heterogeneities, convenient for using the digital computer, is 


presented. 
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2.4. TRANSFORMATION OF PULSES. 


One of most widely used forms of conversion of pulse oscillations 
is conversion, which consists in multiplication of oscillation by 
constant value K, and bias/displacement along time axis to the right 
on t;. This form of conversions includes the transformation of 
oscillations, inversion, weakening, amplification, the time lag, 


transmission along the channels of communication, etc. 
Page 107. 


All enumerated conversions of oscillations occur without a change (or 


without the distortion) in their form. 


In series/row of similtude one of first places occupies 
transformation. It is used for impedance matching, increase or 
decreas in the voltage/stress of pulse oscillations, inversion of the 
pulses and other targets [36]. In the low-voltage devices/equipment 
of nanosecond range (blocking oscillators, amplifier-limiters on 
transformers, etc.) miniature peak transformers on the ferrites are 
utilized. These transformers have the very small inductance of 
magnetization and small geometric dimensions, in consequence of which 
their parasitic parameters (self-capacitance and leakage inductance) 
are also very small, and passband - sufficient for the undistorted 
transmission of pulses nanosecond duration. To deficiencies in such 
transformers should be related their inadequacy for the transformation 


of high-amplitude pulses. (Similar transformers are examined further 
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in €hapter. 6). 


Widest use in nanosecond pulse technique received transformers 
with distributed parameters. These transformers make it possible to 
transform high voltages and high currents, they possess sufficiently 
wide passband. By the advantage of transformers with the distributed 
parameters is the fact that their geometric dimensions decrease in 
proportion to the decrease of the duration of the transformed pulses. 
Simplest of the transformers with the distributed parameters is the 
section of the long line, whose parameters change along the length 
according to any law. Examples of such devices/equipment were already 
examined earlier in the first chapter. Non-uniforms circuit as 
transformers are inconvenient in a number of cases due to their large 
geometric dimensions. Therefore such transformers for decreasing the 
overall dimensions frequently are manufactured in the form of spiral 


with the variable step/pitch (the. so-called spiral transformers). 


For transformation of pulses can be utilized also distributed 
systems, in which parameters are changed not continuously, but it is 


abrupt. 
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An example of transformer in the form of the distributed system with 
the discrete/digital heterogeneities is the stepped transformer, which 
is the line, whose wave impedance is changed abruptly, for example 


being raised from the beginning of line toward the end. In this 


1 


ne) 
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System output potential is raised with respect to the voltage on the 
input. Stepped and spiral transformers have the deficiency, that they 


cannot realize an inversion of the phase of pulse oscillations. The 


ins am sc a 


inverters and the transformers, formed by the sections/segments of 
coaxial cable, are used for this purpose. A change in the order of 
the connection of the central core of cable and braid/cover at the 


output in comparison with the order of their connection at the input 


i om 


makes it possible to carry out a change in the pulse polarity. But if 


a5. ae 


to connect two or is more than cables at the input in parallel, and at 


da 


the output consecutively/serially, then it is possible to obtain the 
step-up peak transformer, the transformation ratio of which is equal 


to the number of connected cable segments. 
2.5. SPIRAL TRANSFORMER. 


Spiral- transformers (Fig. 2.15) in structural/design sense are 
tube from insulation 1, which possesses low losses, to which is 
plotted/applied spiral with variable step/pitch of 2. Spiral is 
“surrounded by metal screen/shield 3, which the external conductor 
forms. Both spiral and screen/shield must be made from material with 
the low ohmic resistance in order as far as possible to decrease the 


transformer losses. 


a ge ae 
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Fig. 2.15. Section of spiral transformer: 1 ~- dielectric tube; 2 - 


spiral; 3 - screen/shield. 
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It is possible to consider during production of transformer from 
materials with low losses that properties of transformer are 
characterized only by linear capacity/capacitance and linear 
inductance, which determine wave impedance of spiral. The wave 
impedance of spiral can be determined according to following formula 


[37]: 


ema y/-r[i—( Fi (#) |e |g 
aati 
6k 


where 


uw, and e, - magnetic and dielectric constants of free space; 
k - relative dielectric constant of the dielectric, which fills 
space between the spiral and the screen/shield; 


tr - spiral pitch ( ‘/* - number of turns per unit of length); 
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R, - radius of spiral; 


R, - radius of screen/shield. 


Optimum value of ratio of radius of screen/shield to radius of 


spiral is equal to 2.06. Thus, in the optimum version 


Ry 
p= 0/44a =e 


After assigning a value of input resistance ?x and a radius of spiral 
R,, it is possible from the preceding/previous formula to find spiral 


pitch on the input of the transformer: 


Buy 0,440 oe. 


Spiral pitch at the output of the transformer 


= 0,442 





R, 
Tox ux? 


? 
where 


Paix == Pax, 
but n - transformation ratio. 


Change in level of wave impedance to turn y determines value of 
distortions of pulse apex. Usually they are assigned by this value in 
the limits from 1 to 5%. Knowing total variation in the 
resistor/resistance along the length of spiral, equal to the square of 


transformation ratio, is easy to find the number of turns N. 
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The axial length of exponential helix from the N turns is found by the 
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formula 
J — ee 2eRN 
o—— Tax WR — 


Formulas given above make it possible to conduct engineering of 


transformer with distributed constants. 


In work [37] constructions/designs of two spiral transformers are 
described. One of them had a spiral, prepared from the wire, and 
another - from the tape of variable width. Transformers were 
structurally connected with hydrogen thyratron. Mata of these 


transformers are visible from table 261% 


In table they are given: d~ diameter of wire, h - thickness are 
flight, & - clearance of strip/tape spiral, m - ratio of axial length 


of spiral to length of wire, y - change in level impedance to turn. 


Fig. 2.16 depicts oscillograms of pulses at input and output of 
transformer, which testify about its broad-band character. At the 
input of transformer the pulse duration in foundation is equal to 
approximately 14 ns, while at the output - about 19 ns. The 
spread/scope of positive pulse at the input is 3500 V, and at the 
output 8600 V. As can be seen from fable 2.1, wire and strip/tape 


transformers have approximately identical indices. 


—_— eee Ce 


a tt ct A i ee 
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Table 2.1. 
) d ne TOUHAR 
Crowes, | Mesmaree | "eat 
EET Tn e 
R,, Mam 19,45 22,30 
Ry, MM 37.23 37,23 
d, MM 1, _ 
h, MM - 0,07 
8, Mat _ 0,25 
Ie M 1,74 2,29 
m 1/14,4 1;14,2 
N 210 230 
1% 1 0,9 
Pox, OM 290 145 
Pusmx, OM 1590 1070 


Key: (1). Parameters of transformer. (2). Wire helix. (3). 


Strip/tape spiral. 
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Difference lies in the fact that the transformers with the strip/tape 
spirals are more convenient for low-level obtaining of 


resistor/resistance. 


Yu. S. Belozerov [22] carried out investigation of distortions 
of shape of pulses, and also analysis of amplitude-frequency and 
dispersive characteristics of spiral transformers of round and 
rectangular cross sections (Fig. 2.17). Calculation data of 
transformers are given in fable 2.2. In the circular transformers the 
law of a change of spiral pitch is accepted by such, with which the 
wave impedance of spiral changes exponentially. The law of a change 


of spiral pitch in the rectangular transformers is shown in Fig. 2.18. 


— —- . 
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Fig. 2.16. Oscillograms of pulses at input (a) and output (b) of 


spiral transformer. 


A 
es 
’ z 
: a 
a) 4 


Fig. 2.17. Constructions/designs of spiral transformers: a) 


rectangular and b) circular of sections. 
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The number of transformer according to fable 2.2 indicates number 
under the curve. Air was insulation in transformer No 1, and in the 
rest - polyethylene. Spirals were coiled from the copper wire, and 


screen/shield was manufactured from brass. 


Measured values of resistors/resistances and transformation ratio 


are given in Tablg@2.3. 








DOC = 88076707 PAGE “Xt 





lr. 


Fig. 2.18. Dependence of step/pitch of coil/winding on axial length 


of spiral for different types of transformers. 











Table 2.2. 
} 3) 3) Npamoyroabnwe 
UT siseevie Coxoyranie ( rpancbopsaropes 
Tpanc PopMaTopa 
mi | ow m3 | m4 | m5 
n 2 2,3 - _ _ 
“Paxs OM 240 145 —- - _ 4 
Paurs OM 960 765 _ _— _ 
ye Mae 7 4, ie - _ - 
Ry. MM : _ _ —_ 
Ly, aM 1100 | 1000 | 1000 | 1000 | 1000 
T,, ncex@) 40 60 160 214 284 
Tax, MM 4,75 4,8 4,8 4,8 
Teux, MM l 0,5 0,35 0,35 0,35 
N 375 390 453 611 810 
K 1 2,25 2,25 2,25 2,25 
‘ 0,5 0,25 0,15 0,15 0,15 
a, - _ 30 30 30 
ay — - 35 35 35 
bo, _ _— 4 4 4 
db, _ | 9 9 9 


Key: (1). Parameters of transformer. (2). Circular transformers. 


(3). Rectangular transformers. (4). ns. 
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With the aid of rectangular transformers, which have identical 


transformation ratio, but different delay, were investigated 





BY 
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distortions of shape of rectangular pulse depending on electrical 
length of transformer. The pulse, supplied to the input of 
transformer, had flat/plane apex/vertex; the pulse duration was 60 ns 
for the duration of front 8.5 ns. The results of measurements are 


given in fable 2.4. 


In fable 2.4 T, indicates delay time, g - decay in flat/plane 


part of pulse. 


It follows from fable 2.4 that with an increase in electrical 
length of transformer, which is characterized by delay factor T,, it 
begins to transform lower-frequency components of pulse spectrum, 
which leads to decrease of.decay in pulse apex g. The high-frequency 
distortions, connected with an increase in the losses and an increase 
of phase distortions with an increase in the electrical length of 


transformer at the same time grow/rise. 


For evaluation of effect of ohmic losses and phase distortions 
amplitude-frequency and dispersive characteristics of transformers 
were plotted. Measurements showed that the delay time of transformers 
barely depends on frequency, i.e., dispersion virtually is absent. 

The same result is obtained also from the theoretical calculations. 
The measurements of the passband of transformers showed that it has 


value on the order of 250 MHz. 


Distortions of pulse edge transformer No 2 are given in Table 
2.5. 
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Table 2.3. 
é 
Hoep tpauce Pgux! Pax: n 
pup wa copa OM om 
ie beh See 
1 aso | 220 | 1,97 
2 650 | 120 | 2,08 
3 1300 150 2,92 
4 1300 150 | 2,92 
5 i3u0 | 150 | 2,92 


Key: (1). Number of transformer. 


Table 2.4. 


ee 
) (DrHomep Tpancpop- 

U Llap user pa maTopa 
1 pancpupwaropa 





ele ae yee 


_ St 








7, Ree | 160 216 | 284 
4. oO" wW 
ae necx® | 13 | 14 | 15,5 


Key: (1). Parameters of transformer. (2). Number of transformer. 


(3). ns. 


Table 2.5. 


eer 
) . 
ty yrs MCCK 914) 6 
ty ws BOCK 3 4,7 6,7 
Key: (1). ns. 
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Of aforesaid it above follows that spiral transformers 


successfully can be used for transformation of nanosecond pulses. 


2.6. STEPPED TRANSFORMER. 





oon 
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Together with simplest single rings, whose analysis was carried 
out in second section, in pulse technique are utilized systems with 
distributed parameters with large number of heterogeneities. For 
example, such systems stepped transformer and traveling-wave amplifier 
are. Stepped transformer is the line, whose wave impedance abruptly 
changes at points x,, X,, X,; «-.. Traveling-wave amplifier is 
fulfilled in the section of the line, in which at points x,, x,, Xs; 
ee. are connected the tubes. Such devices/equipment are the system 
or the intersected rings, schematically shown in Fig. 2.19. System 
consists of Q components/links K, included by P by feedback loops B. 
The number of channels of feedback and, therefore, the number of rings 
is equal to sum of Q of the first members of the natural series of the 


numbers: 


P=+4.Q(Q41), 


Let uS assume for simplicity of analysis that all 
components/links of channel of direct feed are identical and are 


rated/estimated by complex transmission factors K. 
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Fig. 2.19. Diagrammatic representation of system of intersected 


rings. 
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The feedback loops, which encompass the identical number of 
components/links, let us also place by their identical and we will 
rate/estimate complex transmission factors Big Bis B,, where the index 


indicates the number of included by this circuit components/links. 


Voltage on input of system of intersected rings 


Q 
Uss=U,+ SU, (2.21) 


q=t 
is composed of voltage/stress U, and voltages/stresses, which enter 
from output of the first, the second, the third and so forth of 


components/links. In turn, 


U, ==R,Us,= KA, 4B Uses (2.22) 


where A,., - complex transmission factor of loop circuit, which 
contains (q-1) component/link in the channel of direct feed; 
R, - transmission factor >2f internal circuit of system from q 


componentSs/links. 
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Substituting expression (2.20) in (2.9) we obtain 








i Qe. a he = 
Tn {¥ RA, Bi} Usr=U,, (2.23) 
g=! 
whence 
U.= 2 Ue 
tM RA, 
q=! 
and 
re KAg_W. TT 
Vsur= U oo =U,Ag, (2.24) 
1— \" KA, -1Bq 
q=i 
where 
ao KAg-1 
ert. a ae 
1i-S KAy-1 a 
q=\ 
or 
oat eo Q +25 = ne-1 
A= KAg_, s {y Aub 
n=l \q=] 
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Passing from complex transmission. factors to transient responses, 


we will have 


00 Q {a—1] 
Ag=K*Ag.*¥ {EK * Ag.,* a.) * (2.25) 


n—~-l qe 


where sign * — symbol of fold of Stieltjes [38], and [n-1] indicates 


multiplicity of repetition of operation of fold. 


Expression (2.25) is recursion formula for transient response of 
system of intersected rings. In order to determine the shape of 
pulses at the output of stepped transformer or traveling-wave 
amplifier, expression (2.25) can be substantially simplified. If 
device/equipment works under these conditions, during which the pulse 
duration is less than doubled time of landing run along one section, 


then for such pulses the equation of transient response will be 


Ag= Kieth, 


where K - the transient response of one component/link. 


Without concerning thus far question about effect of wake 
current, Let us examine passage of main impulse. Stepped transformer 
is schematically depicted on Fig 2.20. It is the line, which has N of 
heterogeneities (jump of wave impedance). Let us designate reflection 
coefficient from the heterogeneity with the passage of wave from left 


to right through Px, where n - number of heterogeneity. In the first 
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approximation, we will consider reflection coefficient from the 


heterogeneity real. 


— 


86 
. 


187 
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Fig. 2.20. Diagrammatic representation of stepped transformer. 
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Let us designate through “. wave of voltage/stress, which passed 


through the n-th heterogeneity;, while is known, 


Uy =u,-,(t + p,). 


It is obvious that if px>O, then “n>un; and if p<0, then 
U,n<un-1. The value of voltage/stress in the first case of its 
transformation on the heterogeneity is raised, and in the second case 
it is reduced. Thereby heterogeneity in the line can play the role of 


transformer with the transformation ratio 


W, : 1 + Pn: 


After traversing N of heterogeneities, pulse will N of times 


transform itself; resulting transformation ratio in this case 


N 
Ww, = Wy == Il (| + P,,). 


n=l 


Since p cannot be more than one, then W’, there cannot be more 


ISS 
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than two and resulting transformation ratio will not exceed 2”. 


In order to determine transformation ratio of stepped transformer 
in diagram, it is necessary to consider its input and output circuits. 
Input circuit of transformer is shown in Fig. 2.2la. As can be seen 
from this diagram, the amplitude of voltage on the input of the 


transformer 


(} 


1S9 
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Fig. 2.21. Input (a) and output (b) circuits of stepped transformer. 
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Schematic of output circuit of transformer is shown in fig. 
2.21b. It consists of equivalent generator, emf. which is equal to 
2Uq+1, and output resistance, equal to Por: Let us note relative to 
value 2Ue+ that when the traveling wave of voltage/stress, which has 
amplitude Uo, reaches the extended end/lead of the line, then 
receiving-end voltage becomes equal to 2U9;;. This value is to emf of 


equivalent generator. Voltuge/stress on the load 
_ Ru 
Uy= Wo,, Rat Post 


It is easy to see that when *u>P,, voltage/stress on load can be 


more than U,, and when Ru=Pas with matched load, Us=Uo4. 


Taking into account input and output circuits transmission factor 


of stepped transformer will take form 


W = Ky: Kaux, 


T o6uy 


where 
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Pr 

Kux= ate ’ 
2Rx 

Kaus = Re toa 


Let us determine, according to what law should be changed line 
characteristic in dependence on number of transition so that 
transformation ratio “r would have maximum value. The number of 
sections of transformer Q+2(Q=N-1) and the relation of the wave 
impedance of extreme sections a+! 4 we will assume/set by the given 
ones. Thus, it is necessary to find the condition, under which the 
product 

n (1+ p[a}) 
a=! 
has maximum value. p(n] here means that p is step function n. 
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It is possible to show that product will be maximally when all 
terms are equal to each other, i.e., when p{!]=p[2l=p[3]=...=p[N]. In other 
words, maximum transformation ratio in the stepped transformer occurs 
in the case, when reflection coefficient is constant for each 


heterogeneity. 


Since 


ela + t]—eln] 


Plt] = pint alt ely” 


the increment in step function 
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Ap [72] = const {p [2] +p [a + 1]}~ const p [a] 


is proportional to value of function itself. Hence it follows that 


p(n] is the step function, formed from the exponential function 


p(n} = Ae" "". (2.26) 


Let us assume for convenience p,=1, then p,,,=—6 For determining 
of A and a we have: when «=! dAc*=1, and whena =N+1 Ac®*0_g, 


whence 


Finally we obtain, substituting a and A in (2.26), 


In 6 {a—!] 


pinj=-e% ; (2.27) 


Let us find expression for maximum transformation ratio 


N 


N 
Qe ! 
VW, axe ~ Il (1 oc p(}) nae I] ela Te Al i 


1 a=l 
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It follows of reasonings given above that stepped transformer, 


which possesses maximum transformation ratio, is system of intersected 


Se Tos an TE ng ee pe 


IPD 
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rings, in which all components/links are indent, and also rings, which 
consist of identical number of components/links. Therefore the 
formulas, derived above for the system of the intersected rings, can 


be used for the analysis of this transformer. 


Let us turn now to calculation of wake current. Let us take 
account of the fact that the coefficients of reflection are assumed to 
be real and that reflection coefficient with the passage of wave from 
right to left has opposite sign in comparison with the coefficient of 

* reflection of wave with the passage of it from left to right. Let us 
take also into consideration the fact that the reflection coefficients 
from all heterogeneities are equal. In this case transient response 


for the main impulse 


Ag (t)= (1+ pot" (t—Qts) (E< Qs) 


Main impulse will appear at output after time Qt, in comparison 


with onset of pulse at input °*. 


FOOTNOTE '. Here is not taken into consideration the time lag of 
pulse in the line to the first heterogeneity and after latter/last 
heterogeneity, since these sections of lines do not enter into loop 


circuit. ENDFOOTNOTE. 


The first echo pulse will arrive more lately to period 2t,, and in 
order to determine its value, it is necessary in expression (2.25) to 


select the terms, which operate in the interval of time [Qf;(Q+2)f,] 


J 


mw ae ee ee acc, 
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After conducting this operation, we will obtain that the transient 


response is determined by the expression 


Ag (t)=(1 + p)?*" {1 (t — Qt.) — Qp'l [ft — (Q+ 2) fa}} 
[é<(Q+ 2) f;]. 
Analogously can be found transient response for greater moments 


of time, for example, 


Ag) =(1 + aril (¢ — Qt) — Qp*l [t — (Q+ 2)t3] + 
+[(@+4 @@— 0) —@Q—10+2) 2 |x 
x1 ¢- +44] [$< (Q+4)ts] 


and so forth. 
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For normal functioning of device/equipment, which stands after 
transformer (for example, magnetron generator), greatest danger they 
are first and second pulses, which follow after main impulse. On the 
basis of the expressions for the transient response of stepped 
transformer given above it is possible to write formulas for the 
values of the first and second pulses, in reference to the amplitude 


of main impulse, namely 


a, = — Qp’, (2.28) 
a= [Q+ 29 | ot —Q+1 a (2.29) 


Coefficients a,, are function of number of rings Q=N-1 (where N - 
number of heterogeneities) and of coefficient of reflection p. As it 


follows from the formulas, coefficient a, is always negative, and 


Ms 


194 
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coefficient a, can be both the positive and negative. With the 
assigned magnitude @ of the relation of the wave impedance of extreme 
sections the greater the number of heterogeneities N or the number of 
rings Q, the less p. Therefore with increase in N coefficients a, and 


a, decrease; furthermore, coefficient a, becomes negative. 


As already mentioned in Chapter 1, presence of heterogeneities in 
the form of change in geometric dimensions of line leads to distortion 
of field distribution in vicinities of heterogeneities and to 
appearance of waves of highest types. Weakening oscillation, which is 
realized due to the appearance of waves of the highest types, it is 
possible to consider certain shunt capacitance Cn after introducing 
in the place of transition. Taking into account this 
capacity/capacitance the equivalent diagram of junction can be 
represented in the form, shown in Fig. 2.22a. In this figure 2U,_,— 
equivalent emf of the generator, which replaces the left side of the 
line; ?n-:— its output resistance, equal to the wave impedance of left 
(n-1)-1 section; ?: - wave impedance of the n section; Cn - transition 
capacitance. This equivalent diagram can be given to the diagram of 
the integrating component/link with resistor/resistance R=—"-!™ and@ 


Pratt Pn 
capacity/capacitance Cy; to the component/link applied voltage/stress 





2U'y 4 = Uy —' Pig, 2.22b). 
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Time constant of component/link ta=C,;R. Square pulse is distorted in 


transit through this heterogeneity. Time of its establishment 
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ty=2,2t,, If the pulse duration is less than doubled time of landing 
run of its along the section of transformer, then the time of the 
establishment of the edge of the pulse, which passed N of 


heterogeneities, 


ty = 2,0 a? 4. tite bey. 


In the particular case all time constants of 
transitions/junctions can prove to be approximately identical and then 
ty= 2,2, VN. It should be noted that usually capacity/capacitance Cn is 
very small, and if the wave impedance of the sections of transformer 
is sufficiently low, then the effect of transition capacitance is 


virtually imperceptible. 


Relation of wave impedance of extreme sections, determined by 
design considerations, can serve for calculating stepped transformer 
by initial value. Stepped transformer is conveniently performed in 
the form of strip line. The value of transformation ratio Wr depends 
on value 6 and number of transitions/junctions. For determining the 


number of transitions/junctions it is possible to use fables 2.6. 


I9G 
RH 
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a) b) : 
Fig. 2.22. equivalent schematic of the section of transformer with the 


heterogeneity: a) initial; b) converted. 


Table 2.6. 


| Kos paunent Tpanepop- 
waunn W, 


z 
i 








| n=2 | n= | v= 
2 | 1,33 | 1,36 1,38 | 1,39 
4| 1,60 | 1,76 | 1,84 | 1,88 
61 1,71 | 2,00 | 2,15 | 2,20. 
8 | 1,78 | 2,20 | 2,35 | 2,50 
10 | 1,82 | 2,28 | 2,55 | 2.70 
Key: (1). Transformation ratio .... 
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Knowing number of transitions/junctions, we are assigned by wave 
impedance of first transition/junction and find wave impedance of 


subsequent sections through formula (2.27). The length of each 


section is determined from condition (= 8 [eat] (ta expressed in the 
« 





nanoseconds). Transition capacitance usually is very small and it is 


possible not to consider it. For calculating wake current it is 


possible to utilize formulas (2.28), (2.29). 


Stepped transformers can be fulfilled not only in the form of 


Cem re ee ee 


we) 
TPS il tt airs man 
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distributed circuits. For the sufficiently long pulses (on the order 
of hundreds of nanoseconds) and in the case, when to their form it is 
not presented especially stringent requirements, the sections of 
stepped transformer can be manufactured from the equivalents of long 
lines, i.e., be fulfilled in the form of the chains/networks of 
filters. Such transformers are used, in particular, in the 
pulse-shaping circuits of pedestal in the powerful/thick pulse 
modulators of magnetron generators [39]. The number of 
components/links in the section and the value of their parameters are 
selected on the basis of the condition for the permissible distortions 
of pulses, i.e., the guarantee of the necessary for broad-band 
character diagram, while the number of sections - on the basis of the 
guarantee of the assigned transformation ratio, which usually is 
Getermined by the values of the resistance/resistor of load (for 
example, with the resistor/resistance of magnetron in the pulsed 


operation) and by output resistance of pulsed source. 


2.7. Inverters of pulses and the transformers, formed by the cable 


segments. 


Lines with variable/alternating section, just as spiral 
transformers, do not change polarity of transformed pulses. Therefore 
frequently it is necessary to supplement sucn transformers by 


inverters. 


As inverter can be used section/segment of coaxial cable with 





IFS 
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wave impedance p, at the beginning of which is connected source of 
voltage 28 with internal resistor/resistance p (Fig. 2.23). The 
external facing of cable is everywhere, besides initial point, 
isolated/insulated from the earth/ground. At the end/lead of the 
cable is included/switched on the potentiometer, whose 


resistor/resistance is equal to oe. 
Page 124. 


If the wiper is located in position Q, then between point P and 
earth/ground operates the pulse of the same polarity, as at the input. 
If the wiper is supplied in position P, then the pulse of the reversed 
polarity will operate between point Q and earth/ground. When 
Slide/wiper is located halfway, symmetrical output is obtained. It is 
not difficult to see that this phase inverter can work only at the 
high frequencies, since in the position of slide/wiper at point P 


generator at the low frequencies proves to be short-circuited. 


Work of this phase inverter occurs as follows. The traveling 
wave of voltage/stress u appears with the connection to the input of 
the cable of voltage/stress in it. This wave of voltage/stress causes 
current wave i, which flows along the internal conductor of cable. 
This current, flowing/occurring over the resistance/resistor of load 
p, creates on it the voltage drop, which is removed/taken at points P 
or Q in the positive or negative polarities with respect to the 


earth/ground. 








197 
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Since point Q of outer covering of cable is located under 

specific voltage/stress with respect to earth/ground, over external 
braid/cover of cable flows/occurs certain current i,. The 
resistor/resistance of the external braid/cover of cable is connected 
in parallel to the resistance/resistor of load (in the position of 
slide/wiper at point P) and shunts it. It is obvious that by-passing 
of this resistor/resistance is the greater, the lower the frequency of 
the transformed vibrations. For the direct current this 


resistor/resistance is in effect equal to zero. 
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Fig. 2.23. Diagram of inverter, assembled in cable segment. 
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In order to increase inductive reactance of outer covering of 
cable, it they displace into coil in such a way that its 
self-capacitance would be minimum. In this case in parallel to the 
resistance/resistor of load p proves to be connected inductive 
reactance jel,, where 4x ~ inductance of the convoluted into the coil 
cable, as can be seen from the equivalent diagram, given in Fig. 
2.24a. On this diagram of severings of cable it is replaced with the 
voltage source with emf 2U, (where U, ~ voltage/stress of the 
traveling wave in the line) and with internal resistor/resistance p. 
According to the thcorem of Tevenen [transliterated] the 
resistance/resistor of load p can be converted in the internal 
resistor/resistance of source, and then diagram will take the form, 
shown in Fig. 2.24b. It is the inductive differentiating circuit, the 


‘ ; 2 
time constant of which t=". 


During the supplying to input of inverter of single drop/jump in 
voltage/stress, voltage/stress on its output, i.e., transient response 


of inverter, takes form 


) | 
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A(j=e™. 
In this expression, written on the basis of equivalent diagram, 
given in Fig. 2.24b, is not taken into consideration influence of 


circuit parameters, which block undistorted transmission of edge of 


pulses (this it is examined further). 
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Fig. 2.24. Equivalent diagram of inverter: a) initial; b) converted. 
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Knowing the equation of transient response, it is easy to find the 
value of the distortions of pulse apex due to the differentiation. 
Decay in the pulse apex by duration “‘ will be determined from the 


formula 


t 


— & 
_— 


sete 


where 48 - absolute decay in the apex/vertex; 


6 - pulse amplitude. 


If la< tx, then 


&~7° 
Knowing duration of pulses ‘ and being assigned by permissible 
value of decay in apex/vertex g, it is easy to find time constant t™. 
Since value p usually is assigned or selected previously, then through 
known tx and g is found the value of inductance Ly, necessary for the 
transmission of the flat/plane part of the pulses without the 


distortions. It follows of the formulas given above that the less the » 


as ak: uty 


+ eens ee 
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duration of the inverted pulse, the less the required value L, and 
therefore inverter is obtained simpler in structural/design sense. 
This fact makes the inverters (and transformers), carried out in the 
cable segments, promising from the point of view of 
- transition/junction to the pulses of smaller duration. Let us note 
also that with the decrease of the length of cable, caused by the 
decrease of desired value /« decrease the distortions of the pulse 
edge due to the losses in the cable. For loading Lx, they coil cable 
around the annular cores from the ferromagnetic materials. Similar 


constructions/designs are described below. 


Distortion of edge of transmitted pulses occurs, in the first 
place, due to losses in metal and dielectric of cable. This question 


was examined in(Jhapter 1. 


Presence of output capacitance in source of surge voltage and 
input capacitance of load is second reason for distortion of pulse 
edge. These capacities/capacitances together with input and output 
resistance of diagram form the integrating chains/networks, which lead 
to the decrease of the slope/transconductance of the build-up/growth 


of the pulse edges. 
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Time constant of output chain/network tus = pCoxi with pe: = 1500hmand 
Cor = 10 QF tous = 0,75 ns and ¢,= 2,2+,,,—1,65 ns. If the time constant of 


input circuit has the same value, then the time of establishment 
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increases 72 once. Therefore during the construction of inverters and 
transformers it is necessary as far as possible to decrease the 
parasitic circuit parameters. By advantage to decrease the parasitic 
circuit parameters. The advantage of inverters and similar type 
transformers are their linearity, simplicity of construction/design in 
comparison with the transformers of other types, to transmissivity 
large power. The deficiencies include large overall dimensions and 


large signal delay. 


“inverter, described into [40], cable with length of 8 m with 
wave impedance of 72 ohms (diameter of 4.8 mm) was wound in coil and 
included into housing by length about 140 mm and by diameter of 190 
mm. The time of the establishment of the transient response of this 
inverter was 2 ns; time constant ™ was equal to 0.8 us. Instead of 
the potentiometer at the end/lead of the cable were utilized two 
plugs, to which were connected internal conductor and screen/shield. 
Grounding points P or Q was realized with the aid of the special 


short-circuiting plug. 


Another construction/design of inverter is described into [41]. 
The inverting transformer was connected in parallel to the plate load 
of tube, and therefore the inductance of the coil, formed by the 


external braid/cover of cable, was selected from the condition 





fa RR; 
Lx @ RutR,' 
where t, - maximum pulse duration; ) 


g ~ permissible relative decay in the apex/vertex; si 
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Ru- load resistance/resistor; 


Ri-- anode resistance in the pulsed operation. 


For loading of external braid/cover of cable latter uncoiled 
itself into coil, into which was introduced ferrite core. For 
decreasing the interturn capacity/capacitance of this coil, it was 
made in the form of two sections. The first section consisted of 7 
turns of cable PK-50-2-13, wound to the ferrite toroid by the diameter 
of 30 mm and by the section 6x6 of mm?, forming inductance 30 uwH. 


This section was connected directly to the anode of tube. 
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The second, main section consisted of 17 turns of the same cable, 
wound to the ferrite ring with an outside diameter of 56 mm and with a 
cross-section of 11x12 mm’. The total inductance of this coil was 
approximately 400 uwH and it was sufficient for pulse advancing with 
duration to 400 ns with the decrease of voltage/stress on the pulse 
apex not more than on 10%. The length of coaxial cable was 2 m, which 
created the time delay of pulse of approximately 10 ns. The duration 


of the pulse edge at the output was approximately 3 ns. 


In this case, when grounding facings of cable is impossible, for 
realization of inversion of pulses should be included cable segments 
in the manner that it is shown in Fig. 2.25. The switching 
on/inclusion of cables with a wave impedance of p/2 shown in the 


figure provides input and output resistance, equal to p. The 
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inversion of pulses is realized here due to a change in the order of 


the connection of the supplying and load cables to inverter [42]. 


Constructions/designs of inverters described above have the 
deficiency, that for higher frequencies of pulse spectrum cable 
convoluted into coil is not inductance, but it presents certain 
distributed system. Therefore are used such constructions/designs, in 
which the cable is coiled around the cylinder so that the external 
braid/cover of .cable forms the internal conductor of the helix of 
transmission. The external conductor of helix is formed by the 
screen/shield, inside which consists the cable (Fig. 2.26) [40]. A 
similar construction/design differs from preceding/previous in terms 
of the fact that here in parallel to the load resistance/resistor 
stands the input resistance of helix. This resistor/resistance is 


sufficiently to large, since helix has large linear inductance. 
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Fig. 2.25. Inverter, which does not have grounded points. 


Key: (1). Ferrite. 
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Equivalent diagram of an inverter of such type will differ from the 
equivalent diagram of inverter with the cable, wound by coil, fact 
that inductance /,, will be in it replaced with input resistance to 
helix Rs. If the pulse duration is such, that the signal reflected 
from the end/lead of helix will not have time to return conversely, 
i.e., if the pulse duration is less than doubled time of landing run 
of signal along the helix, then line impedance there will be to its 
purely active and equal wave impedance. In this case the pulse will 
traverse the inverting device/equipment without the distortions of 
flat/plane part. But if the pulse duration is more than doubled time 
of landing run, then pulse apex will be distorted due to the 


reflections in the helix. 


Fig. 2.27 shows diagrams/curves of emf on input of inverter, 
equal to °, and modulus/module of voltage/stress on its output. It 
follows from the figure that the pulse at the output delays in 
comparison with the pulse at the input to period t, (delay time in 


coaxial cable). The amplitude of this pulse U=A\, where k - 


O 
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coefficient, which characterizes the reduction of the amplitude of 


output voltage/stress due to by-passing of the wave impedance of helix 


pes k= —---fe 


Pe +> P 





7 


) 
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Fig. 2.26. Form of inverter with helix. 
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After time 2/:. (doubled time of landing run of 01 along the helix) to 
the output comes the echo pulse of negative polarity 6, and the - 
amplitude of output voltage/stress decreases. After another time 2,. 
to the output again comes the echo pulse, on already smaller amplitude 
and so on, as a result of which the apex/vertex of output pulse is 
collapsible/dropped. After using the formulas, given in § 2.2, it is 
easy to find expression for the signal reflected. Since fPe>p, then 
reflection coefficients from both ends/leadg of helix are negative; 
their product has positive sign, and therefore inverse cyclic bond, 
formed by the mismatched helix, is positive. Omitting intermediate 
linings/calculations, it is possible to show that the envelope of 
output voltage/stress, given in Fig. 2.27b dotted line, is the 
exponential function 

P(t)=ke "°° 


where 


2c 
Zoem= tae In are 
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Fig. 2.27. Voltages on input (a) and output (b) of inverter with 


helix. 
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Principle of construction of phase inverter in section/segment of 
coaxial cable can be used also for construction of transformers. Fig. 
2.28 schematically shows the simplest transformer with the 
transformation ratio, equal to two. It consists of two 
sections/segments of coaxial cable of the equal length, whose center 
conductors are connected to the center conductor of the supplying 
cable. Thereby with respect to it they prov2 to be switched on in 
parallel, so that the input resistance of transformer 2::~p/2. At the 
output severings of cable are connected in series, and output 


resistance of transformer Zsux.=—2. Transformation ratio of this 


transformer naif Zest 9. 
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In order to clarify mechanism of action of this transformer, let 
us turn to its equivalent diagram, given in Fig. 2.29. On this 
diagram the lower cable segment is represented in the form of 
equivalent generator with emf, equal to 25. and by internal 
resistor/resistance p. The output of this cable, as can easily be 


seen, is shunted by resistor/resistance 2x. 
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Fig. 2.29. Equivalent schematic of transformer. 
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If resistor/resistance of facing of cable Z; is sufficiently 
great, then it can be excluded from equivalent diagram and entire 
device/equipment will be certain equivalent generator with emf 4% and 
internal resistor/resistance of 2p. The input resistance of this 
transformer, as can be seen from diagram, it is equal p/2, whence the 
transformation ratio of transformer on the voltage/stress is equal to 


two. 


Similar to transformer with two cable segments transformers inn 
cable segments can be constructed. Since the input terminals of all 
cables are connected in parallel, the input resistance of transformer 
from the W sections/segments will be equally p/N; whereas output 


resistor/resistance equally pN since the output terminals of the cable) 
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segments are connected in series. 


One of samples of matching transformers was described into [42]. 
Transformer consisted of ferrite toroid with a cross section of 
Xa and an outer diameter 1". In the transformer the 
sections/segments of miniature coaxial cable with a length of 30 cm 
with a wave impedance of 100 ohms were utilized. Cable (6 turns) was 
packed on the toroid. Testing this transformer showed that the 
distortions of the pulse edge were negligible and are determined only 


by distortions in the cable (duration of the pulse edge it was 


approximately 1 ns). 
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CHAPTER THREE. 
IMPULSE SHAPING IN LINEAR DISTRIBUTED CIRCUITS. 


Different shapers are utilized together with relaxation 
oscillators in pulse technique for obtaining pulses. The forming 
circuits contain usually linear and nonlinear elements. When 
fundamental network elements of formation are linear, it is possible 


to speak about the linear shapers. 


By linear method of formation is understood, in particular, 
method, based on conversion of voltage/stress, applied to input of 
linear network, and also method of obtaining pulses on certain load 
element by its connection/attachment to linear network, which contains 
statically stored energy. Thus, aS a result of changing the energy, 
stored up in the reactive/jet elements of the linear network, caused 
by the commutation of equivalent components, appears the transient 


process, which is utilized for the impulse shaping. 


If method of formation is connected with need to preliminarily 
have initial drop/jump in voltage/stress, which is supplied to linear 


forming circuit, then in this case is excluded from examination method 


of obtaining steep edge in voltage/stress. | 
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Both process of impulse shaping of one or the other form from 
drop/jump in voltage/stress or current and method of obtaining very 
steep edges is very important for nanosecond pulse technique, since 
minimum duration of formed/shaped pulse is limited to finite time of 


initial drop/jump in voltage/stress or current. ‘ 


In relaxation oscillators of nanosecond pulses, described in 
subsequent chapters, it is difficult to obtain pulses by duration of 
order of nanosecond with their considerable amplitude (to ones and 
tens of kilovolts). In the difference that relaxation oscillators 
different pulse~shaping circuits make it possible to obtain nanosecond 
pulses with the large amplitude. For guaranteeing a sufficient 
broad-band character of diagrams of formation it is expedient to 
utilize as fundamental network elements of system with the distributed 
constants. Using the diagrams of formation with the transmission 
lines as the fundamental elements, it is possible to obtain the pulses 
of short duration, in the form very close to the rectangular. Is 
substantial the fact that the duration of the formed/shaped pulses is 
determined here only by the parameters of circuits and does not depend 


on the mode of feeding of the corresponding devices/equipment. 


In this chapter are examined fundamental questions of obtaining 
nanosecond pulses, mainly, with the aid of linear forming lines of 


transmission and corresponding switching devices/equipment. 


a2/¢ 
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3.1. Methods of impulse shaping in the uniform lines from drops/jumps 


in the voltage/stress or current. 


Impulse shaping can be realized with the aid of initial drop/jump 
in voltage/stress or current. In this case to the forming circuit 
from the primary source a drop/jump in the voltage/stress or current 


is supplied. 


In the case of presence of initial drop/jump in voltage/stress 
simplest of pulse (Fig. 3.1) is series connection of source of 
drop/jump in voltage/stress U,;(t), certain two-terminal network 22: and 
resistance/resistor of load 2s. The two-terminal network, which 
ensures impulse shaping to this diagram, is usually called the . 
two-terminal network of the first hearth. It must possess such 
characteristics that under the effect of an initial drop/jump in the 
voltage in the circuit (Fig. 3.1) would be the pulse of the assigned 


form. 
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If current taper is initial, then diagram of formation (Fig. 3.2) 
is parallel connection of source of current taper / forming 
two-terminal network Z;, second kind called two-terminal network, and 


resistance/resistor of load Zz. 


Characteristics of forming two-terminal networks can be in 


general case determined on base of synthesis of forming circuits [1]. J 


o/ 7 
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Examining the schematic of the formation Fig. 3.1, it is necessary to 
assign the required form of the output pulse of voltage/stress “oux(!), 
obtained from initial voltage/stress “ax(/). With assigned load Z, it 
remains to determine character two-terminal networks Z;. Let us pass 
to the operational form of recording, in this case we will consider it 
known of the image of input and output voltages Uox(p) and Upuax (P)s 
Transmission factor of the diagram 


K (p) = Sau), 
sx (P) 


Then for image Z,(p) we obtain 


a a } 
Z = Zy ——I\. 3.1 
3 (P) Or ) (3.1) 


Second aspect of task of synthesis of forming circuit consists of 
construction of circuit according to obtained expressions for K(p) and 
Z,(p). Two-terminal network Z;(p) is sometimes located through its 
transient response that it requires the determination of original 


A(t)1 of image 1/pZp(p). 


XE 
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rig. 3.1. 
Fig. 3.1. Pulse-shaping circuit from drop/jump in voltage/stress. 


Fig. 3.2. Pulse-shaping circuit from current taper. 
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Let at input of circuit (Fig. 3.1), which has as load effective 
resistance 24(P) = Ru operate drop/jump in voltage/stress “s:(!)=U,,:1, 
whose image U,;/p. On the load it is necessary to obtain current pulse 


of right-angled with an amplitude of I and durations of “ i.e., 


Uowx (p)= ae (1 —e Pin) 


Transmission factor 


K (p) = _1Ru (1 — eP') 
Image of expression for the resistor/resistance of two-terminal 


network according to (3.1): 


Zs (pP)= Ra (Fa _ 0 = R, er! —/Rat IR, P'™ 
K (p) IR,{t —e **) 
If we for simplification in obtained expression assume 2R,/ = U,,, 
then, multiplying numerator and denominator of fraction by &xP(pty/2), we) 


have 
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t t 
“ 
P ay ~P- 


zy (p)= Ra age ah = R,cth me (3.2) 


eal? 


Obtained expression coincides with image of input resistance of 
section of uniform line of transmission without losses, extended on 
end/lead and having wave impedance p=. if length of line is equal to 
[=0,5 vfy, where to v - wave propagation velocity in line, and f« - 


duration of formed/shaped pulse. 


Actually, in this case line impedance is equal 
Zyx (jo) = —jpcig™ t=RycthjSt. (3.3) 


Thus, two-terminal network of first hearth can be section of 


uniform line, extended at end/lead. 
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Analogous with this it is possible to show that for formation of 
square pulse on load *s from initial current tapes (Fig. 3.2) as 
two-terminal network of second hearth section of uniform long 
zero-loss circuit, short-circuited at its end/lead can be utilized. 

t= vte 


The length of sect ion/segment must be ‘=~-;. In this case the line 


impedance is equal 


Zox (jw) = je tg = f=R, th a (3.4) 
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As in the preceding case, amplitude of current pulse I in load 


will be in this case equal to half of value of initial drop/jump. 


In connection with the fact that duration of nanosecond pulses is 
short, then length of sections of forming lines proves to be small. 
With the impulse shaping of microsecond duration by the methods 
indicated the required length of line proves to be excessively large 
that it leads to the need of applying the artificial transmission 


lines, which possess considerably smaller broad-band character. 


In both diagrams (Fig. 3.1 and 3.2) internal resistor/resistance 
of generator of drop/jump in voltage/stress is not shown (current). 
In the devices/equipment of the impulse shaping of nanosecond duration 
during the use of such diagrams usually the internal 
resistor/resistance of generator is commensurate with the load 


resistance/resistor. 


For formation of square pulses from initial drop/jump in 
voltage/stress it is most expedient to use diagram, shown in Fig. 3.2. 
Here as the forming two-terminal network is conveniently used the 
section/segment of coaxial cable or entire diagram performed in the 
form of a coaxial system of the type of tee. The schematic diagram of 


this system is given in Fig. 3.3. 
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Fig. 3.3. Pulse-shaping circuit with the aid of line and 


short-circuited stub. 
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Here the line, which supplies from the generator a drop/jump in the 
voltage, has the wave impedance p,, equal to the wave impedance of tee 
on its input part (point 1-1'). In section 2-2' is connected 
short-circuited stub by the length /, with a wave impedance of p,. 

The output part of the tee (point 3-3'), loaded to effective 


resistance Au, has wave impedance (=Rn. 


Process of impulse shaping is explained by Fig. 3.4, where is 
shown wave allocation of voltage/stress in different sections of tee 
at different moments of time t,<t,<t,<t,. At moment/torque t, the 
initial wave of voltage/stress yet did not achieve the points of 2-2' 
tees. Moment/torque t, corresponds to the time, when wave, after 
achieving points 2-2', underwent changes. The part of the energy 
formed the wave, which passed to the load (to points 3-3'), part 
formed the wave, which is propagated to the short-circuited end of the 
loop, and part - the wave in the supplying line reflected. The wave, 


reflected from the short-circuited end of the loop, has a polarity 


QAR 
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opposite to initial wave. As a result of the superposition of three 
waves the shear/section of output pulse is formed/shaped (Fig. 3.5). 
It is evident from Fig. 3.4 that the square pulse will be formed on 
the load (at points 3-3') and repeated pulses will be absent, if there 
are no wave reflections at points 2-2', which is propagated from the 
short-circuited end of the loop, i.e., it is necessary to satisfy the 


condition 


— _ PP; 
Peo (3.5) 
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Fig. 3.4. Wave allocation of voltage/stress in sections of line with 


impulse shaping. 
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This condition defines both the relative values of wave impedance 


of sections/segments of tee and magnitude of losses of amplitude of 


initial drop/jump with impulse shaping, since value of coefficient of 


reflection of wave at input of tee is equal to 


P2Pa 


_ tte 
ae (3.6) 
P2 + Ps + Ps 
Transmission factor of diagram is equal to 
Un os) 
aot = l-+m= Tae (3.7) 


Duration of formed/shaped pulse, equal to doubled delay time of 
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loop, it is determined by expression 


2, 
= (3.8) 


where /, - length of loop; 


v - wave propagation velocity in it. 


Using method of imposition, we will obtain for output potential 


of diagram, taking into account (3.7), 
Usux (j=(1 + m) (Ux (t) — Us; (t— ty)]. (3.9) 


In real cases initial drop/jump in voltage/stress has finite time 
of build-up/growth and, consequently, also process of impulse shaping 
proceeds somewhat differently from for case of ideal drop/jump. Now 


instead of Fig. 3.5 let us examine Fig. 3.6. 


ae SNe he ES: Be 
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Fig. 3.5. Voltage oscillograms with impulse shaping with the aid of 


short-circuited section of line. 
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As can be seen from figure, the duration of shaped pulse (measured on 
the foundation) depends on the doubled delay time of short-circuited 
stub t,=2//v and on the duration of the front of initial drop/jump, 


i.e. ’ tu=tstfgo. 


Pulse amplitude at output 


Usuz=K 7 Uns, (3.10) 


where K - transmission factor of diagram, determined according to 


formula (3.7). 


Minimum duration of shaped pulse in this case cannot be less than 
duration of front of initial drop/jump. It is easy to see from Fig. 
3.6 that with t,, that vanishes, the pulse duration approaches the 
duration of the front of initial drop/jump 1,>‘,,. however, the pulse 


amplitude in this case according to (3.10) vanishes. Actually, if we 








DOC = 88076709 PAGE “SX 


examine the shortening (differentiating) RC network, to input of which 


is supplied a drop/jump in the voltage/stress of the exponential form: 


Uses (1—e : \. 


the duration of front of which (measured at level 0.1 and 0.9 of 
amplitude) ‘»,.=2,24, then the output voltage/stress, determined with 


the aid of the Duhamel integral, will be 


*Y _ fst 
Vous = | - e 4a : dé. 
0 





a 


When time constant of circuit is equal to r=A, output 


voltage/stress 


Uys =Use to M, 
Active duration of output pulse (measured at level 0.5 of 
amplitude) in this case is equal to 2.5A, i.e., it is approximately 
equal to duration of front of initial drop/jump. Now, if we decrease 
‘the time constant of circuit (r<d), drawing it nearer zero, and to 
calculate Usus. then it appears that the pulse amplitude rapidly 


decreases, while its duration remains virtually constant/invariable. 
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Thus, action of short-circuited stub in this respect is analogous 
with action of differentiating circuit with lumped parameters. 


Therefore the shortening of the pulse duration with the aid of the 


7 
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short-circuited section of line is occasionally referred to as 
differentiation of the pulse of nanosecond duration. 

When it is necessary to form pulse, whose duration (on 

foundation) must be less than duration of front of initial drop/jump 
in voltage/stress, it is expedient to use dual impulse shaping with 
the aid of two short-circuited sections of line (double | 
differentiation). Fig. 3.7 shows the diagram of the dual shortening 
of the pulse duration. Here with the aid of the first tee it is 
necessary to form the pulse, whose duration (on the foundation) will 
be somewhat more than the duration of the front of initial drop/jump | 
tp» but the duration of its front ‘»: is less ‘»o After the second 
shortening tee it is possible to obtain the pulse, whose duration will 
prove to be somewhat more than “i, but is considerably less the 


duration of the front of initial drop/jump. 
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Fig. 3.6. ‘Voltage oscillograms with impulse shaping from drop/jump in 


voltage/stress with final duration of front. 





Fig. 3.7. Schematic of dual coaxial tee for pulse shortening. 
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The duration of the output pulse 


fa tay hes, (3.11) 
where t,, and t,, - respectively doubled delays of the first and 


second loops, moreover t,,<t,,. 


Amplitude of output pulse 
Vous =Unrk KK, 2, (3.12) | 


where U,, - amplitude of initial drop/jump in voltage/stress; J 
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K, and K, - respectively transmission factors of the first and 


the second it is branch; 


K, - transmission factor of attenuator. 


Attenuator is placed between tees for eliminating noticeable 
effect of second tee on the first, which occurs due to presence of 
waves reflected, which appear in place for heterogeneity. Attenuator 
decreases the amplitude of the nearest echo pulse, which must traverse 
the attenuator 3 times, in 4% once relative to the pulse, passing 


through the attenuator one time. 


Methods of impulse shaping from drop/jump in voltage/stress 
(current) examined commonly are used for obtaining pulses of fixed 
period of time, and sometimes also for variable/alternating duration, 


if length of short-circuited stub can be regulated. 


For impulse shaping with smoothly changing duration method, based 
on use of forming line and two initial drops/jumps in voltage/stress 
finds use (current). In this case the generator, which develops 
initial drops/jumps in the voltage/stress, puts out them with the 
specific temporary displacement, whose value smoothly changes, by 


changing the electrical mode of generator. 
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Fig. 3.8. Parallel (a) and consecutive (b) pulse~shaping circuits 


with adjustable duration. 
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Such diagrams can have in parallel series-connected load or (Fig. 
3.8). In the case of series circuit (Fig. 3.8b) is hindered/hampered 
obtaining the point of zero potential in load or in one of the 
generators. In this respect is more convenient the diagram in Fig. 
3.8a. Here the generator of a positive drop/jump in the 
voltage/stress with shaping of front and pulse apex is loaded both on 
the resistor/resistance ®, and on output resistance of the generator, 
which creates the second drop/jump in the voltage/stress (negative). 


Therefore the transmission factor of diagram is equal to 


Deficiency in method of impulse shaping with the aid of two 
drops/jumps in voltage/stress is presence of waves reflected. 
propagating in the circuit of generator, which can lead to the onset 
of spurious pulses. Furthermore, the presence of two drops/jumps, 


shifted on the time, requires the high stability of the value of this 3 
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shift, since with the impulse shaping of nanosecond duration even the 
insignificant instability of this shift can substantially influence 


the stability of the pulse duration. 


3.2. Methods of impulse shaping in the diagrams with the uniform 


discharge lines. 


Methods of impulse shaping examined are connected with need for 
presence of initial drop/jump in voltage/stress or current. For the 
formation of square pulse this drop/jump must be ideal, i.e. have 


infinite steepness of front. 


Method of impulse shaping, when drop/jump in voltage/stress is 
formed directly in squaring circuit, is of interest. Squaring circuit 
with the aid of the section of the extended line (Fig. 3.1) can be 
equivalent to shaping circuit with the charged/loaded to 
voltage/stress E£=U,,;=2/R, section of the same line, locked at one 
end/lead to resistor/resistance R, (Fig. 3.9). This diagram is 


occasionally referred to as diagram with the discharge line. 
Page 144. 
In it is utilized the alternating discharge of line through effective 


resistance &,, equal to line characteristic [1]. 


Energy of dc power supply E is utilized for charge of line 


through resistor/resistance of R,, while electrical or mechanical 
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commutators are used for alternating discharge. The current pulse, 
which appears during the discharge of the section of uniform zero-loss 
circuit through the effective resistance, equal to wave impedance, and 
through the ideal commutator, has rectangular form. The duration of 
‘pulse i, is determined by the time of the dual passage of the wave of 


discharge current along the line 
QB 
$= THT, (3.14) 


where I ~- length of line; 
v - wave propagation velocity in it; 
c - wave propagation velocity in the vacuum; 
wand e - with respect the magnetic and dielectric constants of 


the material of line. 


Since current wave in process of discharge of line has amplitude 
eee SF 
1= RIE p IRs : 
that on load resistance/resistor voltage pulse with amplitude of 


Usux=E/2 is formed/shaped- 


In actuality with impulse shaping of nanosecond duration is 
necessary to consider quality of agreement of line with load 
resistance/resistor, value and character of change in time of 
resistor/resistance of commutating element and presence of losses in 


‘forming line. 
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Fig. 3.9. Pulse-shaping circuit with discharge line. 
Page 145. 


In oscillator circuit condition of equality of load &, and line 
characteristic p always cannot be strictly carried out. In the 
process of operating the generator relation ¥%,,. can prove to be 
somewhat more or less than one. The divergence of this relation from 
one affects the process of impulse shaping and it leads to the 
disturbance/breakdown of its form. In these cases due to the 
appearing partial reflections of waves (point or of voltage/stress) 
from the loaded end/lead of the line the process of its discharge 
lasts longer than in the case of the matched load. The shape of pulse 
on the load takes the form, shown in Fig. 3.10a and b, depending on 


that Rije<! or Rife >. 


On the basis of expressions (3.3) and (3.2) for image of input 


resistance of forming line it is possible tc record 





“ 1-e" 
Zn (p) = —Pl,," 
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Fig. 3.10. Shape of pulse on load: a) when “"<:: b) when = >t. 
Page 146. 


After finding then image for current in load, it is possible to 
obtain expression for voltage/stress on load, represented in the form 
of right-angled pulses by duration ‘4:. that appear 
consecutively/serially through gaps/intervals ‘,. Expression for the 


amplitude of k pulse takes form [1] 





Uy = Ege mb", (3.15) 


where k=1, 2, 3, ...3 m - coefficient of reflection of the waves: 


uP. 


__R 
Ome Race 
Expression for amplitude of voltage/stress makes it possible to 
determine pee value of relation u/e according to assigned 
Where i 
ratio Us/U yy ~ amplitude of the first, and U, - amplitude of second ) 


puise (Fig. 3.10). So if it is assigned, which U, must comprise to 
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more than 5% of value U,, then the value of relation A,/p takes values 
of 0.90 or 1.102. The load resistance/resistor in this case must be 


in limits 0,9< Ry< 1,lp. 


Real forming lines with losses have transient responses with 
finite time of build-up/growth of their front. Therefore the shape of 
the obtained pulses into the reality differs from rectangular. The 
steepness of the front of transient response is determined by 
magnitude of losses in the line (coaxial cable, band line) and by its 
length. Therefore depending on the pulse duration the 
Slope/transconductance of its shear/section changes, since required 


length of the forming line will be different. 


In pulse generators of nanosecond duration of such type as 
discharge lines coaxial cables are utilized, or strip lines, 
Slope/transconductance of frontal part of transient responses of which 


can be evaluated according to formulas, obtained in chapter 1. 


Properties of commutating element affect besides line losses to 
shape of pulse. The commutating elements have a resistor/resistance, 
to equal to zero and changing in the time in the process of 
commutation. Therefore voltage/stress on the commutating element also 
varies for the time of commutation (Fig. 3.11) from certain value 

Ui, to Un, This fact can lead to the noticeable divergence of the 


shape of the obtained pulse from the rectangular. 


Page 147. 
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Essential is time ¢,, for which is realized commutation, and also 
stability of commutation. The law of a change in the 
resistor/resistance of the commutating element, thus, determines the 
form of front and, consequently, also the shear/section of pulse. 

Fig. 3.12 shows the process of the discharge of the line, when the 
time of commutation is final. The duration of front and the cutter of 
the formed/shaped pulse can to a greater degree be determined by the 
characteristics of the commutating element, than by the special 


features of the transient response of line. 


Therefore it is desirable so that resistor/resistance of 
commutating element (contact resistance) would be constant and it is 
close to zero. The contact of commutator must if necessary provide 
sufficiently high current. The instability of the time of commutation 
(with the formation of periodic pulses) must be considerably less than 
the assigned duration of the edge and 0” pulse. The frequency of the 
formed/shaped pulses in this case is determined, as a rule, by the 
frequency of commutation. Therefore it is desirable so that the 


commutator would be controlled by external trigger pulse. 
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Fig. 3.11. Voltage oscillogram on commutating element. 


% 





t 
Fig. 3.12. Voltage oscillograms impulse shaping in diagram with 


commutator, which has finite time of commutation: J: - voltage/stress 


on line, vu,.- voltage/stress on load. 
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In generators of nanosecond pulses find use switching 
devices/equipment, which use thyratrons, mechanical relay, electron 


tubes and and gap arrestors. 


Output pulse in in practice utilized devices/equipment is 


transmitted through high-frequency cable, which is coordinated with 


DY 
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load resistance/resistor. If necessary for observation on the 
oscillograph of the formed/shaped pulse for guaranteeing the required 
synchronization it is desirable to provide in the diagram the output, 
from which it is possible to obtain the trigger pulse of 
scanning/sweep of oscillograph. For the same purpose the main impulse 
must be delayed on the period, required for functioning of sweep 
circuits. In these cases load resistor/resistance is made in the form 
of the voltage divider with several outputs, each of which is 
connected with the high-frequency cable, which has the necessary delay 
time of the pulse, transmitted through it. The input resistance of 
divider will be coordinated with the wave impedance forming lines 


taking into account the contact resistance of commutator. 


During proper selection of forming line and commutating element 
for guaranteeing shape of pulse, close to -“ctangular (front and 
shear/section of order of ones or portions of nanosecond and absence 
of distortions on apex/vertex), it is necessary also to care about 
decrease of parasitic circuit parameters. The latter fact causes high 


requirements for the mounting of diagram. 


With impulse shaping (Fig. 3.9) output pulse is removed/taken 
from load, whose resistor/resistance is equal to wave impedance of 


forming line. 
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Fig. 3.13. Pulse-shaping circuit with line, loaded at both 


ends/leads: a) with two commutators; b) with one. 
Page 149. 


As the load usually are utilized coaxial cables, whose wave impedance 


has the small number of different nominal values. 


This essential deficiency in diagrams to a considerable degree 
described earlier is removed in method of formation with discharge 
line, loaded to effective resistance at both ends/leads. Fig. 3.13a 
gives the diagram of formation, proposed by Yu. V. Vvedenskiy [43, 
44), in which instead of the discharge line, extended at one end/lead, 
is used the line (coaxial cable), loaded at one end/lead for certain 
load &, (required on the working conditions) and on matched impedance 


R-at other end/lead. 
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Is here preliminarily charged/loaded through resistor/resistance 
of R, line at moment of closing/shorting key/wrench K, begins to be 
discharged. Let from the end/lead B along the line begin to be 
propagated the wave of voltage/stress U, less than E/2, since ky >pP 


(Fig. 3.14). 
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Fig. 3.14. Wave allocation of voltage/stress along line (a) and-on 


load (b). 
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At the moment of the arrival of wave toward the end A of line is 
closed key/wrench K, the forming line it proves to be loaded to 
resistor/resistance Re. Because of this conversely to load sx will go 
sum wave U,+U;,, whose value is determined by the relationship/ratio 
between the wave impedance of cable p and by resistor/resistance R-. 
Here U, - wave, reflected from end/lead A of line; U, - wave, caused 
during closing/shorting of key/wrench K,. The relationship/ratio 
between the resistors/resistances p and R. is selected in such a way 
that backward wave after reflection from load (at the end/lead B) 


would completely remove/take from it voltage/stress. 
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Since voltage/stress on load at moment/torque !=/« must be turned 
into zero, i.e., U,+U,+U,+U,+£=9, (3.16) 
it is possible to find from this condition value of matching impedance 


R.. The amplitudes of the propagated waves will be respectively equal 





tos 
ope } 
U,=— Ete | 
eee e Re—? 
U= E TERR +9’ (3.17) 
Re—? pe 





p ? Ph 
U,=—E(1 “5 Ra Tose Ra Ro Pal PERG 
U.= (U,+U,) pat 





In resulting expressions final duration of wave front is not 
considered, but charging resistor R, is considered as the very large. 
If inequality pe<,, occurs then matched impedance differs little from 


the wave impedance. 


With change in value of load from Ra=p to value Ra>? value of 
matched impedance virtually on is changed. If the forming line has 
the low wave impedance (for example, it is used the corresponding 
Strip transmission line), then the value of load can vary from ten of 
ohms to megohm with constant quantity of resistor/resistance R., and 


the shape of pulse remains rectanqular. 
Page 151. 


As can be seen from operating principle of diagram, between 
moments/torques of closing/shorting keys/wrenches K, and K, is passed ) 


time, equal to half of duration of formed/shaped pulse. Changing the 
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time of closing key/wrench K,, it is possible to regulate the pulse 
duration in the limits from the dual delay of the forming line to the 
doubled duration of the wave front, which is determined by the time of 


the commutation of key/wrench. 


If time interval between closing/shorting of keys/wrenches K, and 
K, will be considerably more than delay time of formed/shaped pulse, 
then steps, explained by presence of wave reflection from extended 


end/lead A of line, will appear at apex/vertex of this pulse. 


In real cases usually R.~0.1Ry. With load change the amplitude of 
formed/shaped pulse, which is here greater than E/2, changes 


insignificantly. This change can be rated/estimated with use of the 








expression 
Re 
Ri 
BU ya (' — GE)" : (3.18) 
I+R LP Re 


Efficiency of this diagram is less than diagram with matched load 


(Fig. 3.9). 


To deficiencies in method of formation in question can be 
attributed requirement for two keys/wrenches. Therefore, if there is 
no need for continuously variable control of the pulse duration, 
diagram can be altered, as this is shown in Fig. 3.13b [44]. In this 
case both waves of the voltage/stress of the discharge of line begin 


to be propagated from the ends/leads of the line during 
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closing/shorting of key/wrench simultaneously. The pulse duration is 
obtained here two times less, since it is determined now by the 


propagation of wave only in one direction. 


Page 152. 
3.3. Impulse shaping in non-uniforms circuit. 


In some practical cases of impulse shaping of nanosecond duration 
of small and large power difficulties, connected with need for 
impedance matching of load with wave impedance of forming lines with 
the aid of special matching systems, are encountered, while in number 
of cases load contains except active even and reactance. In the case 
of pulsing of high voltage it is necessary to use the forming lines, 
designed for high voltages or large workers after all. This 
substantially complicates the construction/design of generators, it 
makes with its bulkier, which leads to an increase in the circuit 
parameters, which affect the duration of front and shear/section of 


the formed/shaped pulse. 


Noted difficulty in number of cases succeeds in decreasing or 


completely removing during use those of heterogeneous forming lines. 


Decrease in charging voltage (current) in the diagrams with 


non-uniforms circuit. 


J 


With impulse shaping of nanosecond duration of high voltage in 
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diagram with discharge line for reduction in voltage/stress on line it 
is possible to use method, proposed by O. N. Litvinenko, by V..A. 
Il'in, by V. I. Soshnikov [1, 45]. High charging voltage on the 
usual uniform forming lines depends on the fact that entire/all that 
energy, which during the pulse duration is realized on the load 
resistor/resistance, reserves itself in a comparatively small static 
capacity/capacitance of line. An increase in this capacitance for the 
assigned pulse duration is connected with a change in the line 
characteristic; in view of the fixed/recorded value of load, 
coordinated with the line characteristic, its change proves to be 


impossible. 


Charging voltage of line can be reduced, if supplementary 
accumulator/storage, which accumulates part of energy, reserved by — 
device/equipment will be included in oscillator circuit. Lumped 
capacitance can perform the role of this accumulator/storage (Fig. 
3.15). However, in this case it is not possible to use the uniform 
forming line, since the inclusion in the diagram of lumped capacitance 
will change the resistor/resistance of circuit and generator it will 


lose its forming properties. 
Page 153. 


Input resistance of diagram with capacitance and non-uniform 
circuit, measured between points a-a' with off voltage source and 


resistor/resistance Rw must be determined by expression (3.2) 
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For determination of necessary law of change in wave impedance of 
non-uniform circuit it is possible to examine equivalent diagram (Fig. 
3.16), comprised for determining voltage/stress on resistor/resistance 
Ru. Charged/loaded to voltage/stress E the section of line is here 
represented in the form of the dc power supply E and 
resistor/resistance 2x. measured between points b-b'. The pulse on 
load R,, which appears after closing/shorting of key/wrench K, will 
have rectangular form in such a case, when the current, flowing 
through this resistor/resistance for time t: will not change its 
value. This is possible in such a case, when the source of voltage E 
it is loaded the resistor/resistance, which has purely active 
character. In other words, resistor/resistance Z,. must be the series 
connection of effective resistance and negative capacitance, which on 


the modulus/module must be equal to capacitance of C. 
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Fig. 3.15. Fig. 3.16. 
Fig. 3.15. Diagram of generation of pulse with non-uniform circuit 
and supplementary capacitor/condenser. 


Fig. 3.16. Equivalent schematic of shaper. 
Page 154. 


It is possible to show that in this case it is necessary to use _ 
parabolic type non-uniform circuit, whose wave impedance along the 


axis of line changes according to the law of [45] 


p(x) = po (1 as wr) (3.19) 


where x - coordinate, calculated off the beginning of line along its 
longitudinal axis; 

N - parameter of line, which characterizes rate of change of its 
wave impedance; 


%—-.wave impedance in the beginning of line. 


Input resistance of this line (extended at end/lead) is expressed 


Zu(p)=0. (en 2), (3.20) 


where C, - capacitance, whose value is determined by 
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relationship/ratio 


ca. (3.21) 


vy - wave propagation velocity along line. 


As is evident, input resistance of parabolic line differs from 
input resistance of usual uniform forming line only by presence of 
term - 1/pC,, that is operational image of resistor/resistance of 
certain negative capacitance. Thus, the actually consecutive compound 
of this line with capacitance C, in the absolute value of the equal 


capacitor C,, forms circuit with an input resistance of 


a ts 
Z(p)=pocth , 
which coincides with the image of the resistor/resistance of the usual 


forming two-terminal network. 


Thus, circuit in the form of series connection of line, whose 
wave impedance changes according to parabolic law, and lumped 


capacitances can serve as discharge line in squaring circuit. 


Presence in this generator of supplementary capacitance of C 
makes it possible to substantially lower working voltage/stress on 
line. Actually, in the process of the charge of diagram supply 
voltage proves to be applied to the circuit, formed by the consecutive 
connection of capacitance of C and static capacitance of line, and 
after the termination of charge it is divided between the elements ) 


indicated inversely proportional to the values of their capacitance. 
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Selecting capacitance value C, it is possible to ensure decrease 


in charging voltage to a certain degree directly on line. 


It is considered during selection of capacitance value C that it 
determines required rate of decrease of wave impedance along axis of 
non-uniform circuit, i.e., determines parameter N. Virtually 
capacitance of C can be equal to the static capacitance of line. In 
this case it is possible to use voltage-doubling circuit, in which 
during the charge of circuit capacitance of C, connected in parallel 
with the line, is connectéd to the source of voltage E and is charged 


up to the value of this voltage/stress. 


These elements prove to be those switched on between themselves 
consecutively/serially during discharge of circuit (with impulse 
shaping), in view of which general/common equivalent emf, which 
operates in discharge circuit, is equal to doubled supply voltage. 
This fact allows approximately doubly (with an accuracy to a voltage 


drop across commutator) to reduce the value of supply voltage. 


If for impulse shaping is utilized diagram with second-order 
two-terminal network (with short-circuited line), then it is possible 
to lower charging current by inclusion in forming circuit of 
supplementary inductance L (Fig. 3.17). Inductance here plays the 


same role, as capacitance in the diagram in Fig. 3.15. 
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For impulse shaping of right-angled in this diagram it is 
necessary to utilize non-uniform circuit, whose wave impedance changes 
according to hyperbolic law 


a(x) = meay. (3.22) 


2 —— 
— «!N)? 
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Fig. 3.17. Pulse-shaping circuit with non-uniform circuit and 


supplementary inductance. 
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Page 156. 
In this case value of inductance must be undertaken equal to 


L =: Np,/0, (3.23) - 
where, as before, N - parameter of line, which characterizes rate of 
change of its wave impedance; pg - wave impedance in the beginning of 


line; v - wave propagation velocity. 
Correction of the shape of pulse with the aid of non-uniform circuit. 


Besides diagrams of decrease in charging voltage (current) in 
lines, which it is expedient to use with formation of powerful pulses, 
non-uniforms circuit can be successfully used for correction of shape 
of pulses. In the real diagrams sometimes it is impossible to avoid 
the parasitic parameters. So load instead of the purely active proves 


to be complex. 


If, for example, for formation of square pulse it is utilized 
with uniform discharge line, extended at one end/lead and loaded to 
effective resistance Rs on other, then presence of stray inductance 


La back-out resistor R, leads to distortion of shape of pulse. 


Let line with wave impedance p be preliminarily charged/loaded to 
voltage/stress E. Then during the discharge of line on load 2: which >} 


presents the parallel connection of resistor/resistance &: and 
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inductance lyn voltage/stress on the load will be uu, It is easy to 


show that the operational expression for this voltage/stress will be 


E PLuRn — & Pp 
ly > lah plat Ru 2 pRaldla 
at Plu + Ru 
or, passing to the original 
Ryt 
~ aby 
tye *, (3.24) 


As is evident, shaped pulse of voltage/stress decreases 


exponentially. 
Page 157. 


Relative value of decay in the pulse apex is determined by the 


expression 


w) --alte) op gn 
orgy! I-e . 


For retention/maintaining under these conditions of rectangular 
shape of pulse, as 0. N. Litvinenko [1, 45] showed, it is possible 
instead of uniform line to use heterogeneous forming line, whose wave 


impedance p(x) changes according to hyperbolic law. 


In this case diagram of formation (Fig. 3.18a) with non-uniform 
circuit of finite length, charged/loaded in initial state to 
voltage/stress E, can be enticed by equivalent diagram (Fig. 3.18b), 


where line is undertaken infinite length. This is correct only for 


Ea NG eT ee Te ep a rae ae 


RS 4p 
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the range of time from t=0 to t=f,. i.e. for the doubled delay time of 
the section of the line, when the form of voltage/stress on 
resistor/resistance Z:, does not depend on conditions at the end/lead 


of the line. 


If input resistance of infinitely long non-uniform circuit 2... 


“then voltage/stress on resistor/resistance Z, will be equally 


dy == a a (3.25) 


If on load pulse is formed/shaped right-angled, then 
voltage/stress “1 for period 9</<t, is constant value. At the moment 


of closing/shorting the key/wrench voltage/stress on the load 


2, ER: 
fu BE? (3.26) 


where p, - wave impedance in the beginning of line. 
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Fig. 3.18. Pulse-shaping circuit with corrective non-uniform circuit 


(a) and its equivalent diagram (b). 
Page 158. 


Since u,=const, then the same value “1 will be supported during 
entire period in question. Thus, for the input resistance of 
non-uniform circuit we will obtain from (3.25) taking into account 


(3.26) the operational expression 


245 (0) = Zu (p) f= oP (3.27) 


Knowing input resistance, it is possible to find law of change in 


wave impedance along line (along x axis). 


As shown into § 1.8, processes in non-uniform circuit are 


described by equations: 


ou a 
= =L (x) a 

a Ou 
ae C4) Ge 


where L(x) and C(x) - linear parameters of line; 


x - distance from beginning of line. 
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Converting these equations and deciding by their path, analogous 
how this is made into § 1.8, it is possible to show that expression 


for wave impedance will take form 


p (x) = (aE=y" (3.28) 


where v - wave propagation velocity along line. 
Thus, wave impedance changes according to hyperbolic law. 


Resistor/resistance p, is found from condition of minimum 
remainder/residue of energy in line after its discharge and is equal 
to % =A. Insignificant energy (about 1%) remains during the 
discharge of line in it, but the apex/vertex of the formed/shaped 
pulse becomes flat/plane. However, over the load energy in turn is 


distributed between payload Rs and stray inductance L,. 
Page 159. 


Since in the shapers the energy, stored up in the inductance, is not 


utilized, then it must be scattered on the supplementary elements, 


specially introduced into the diagram (diodes, thyratrons), which 
leads to the complication of diagram and decreases its efficiency. 
The greater the decay in the pulse apex it is corrected by hyperbole 


trace, the greater the energy reserves itself in inductance L,. 


Diagram of formation with matching non-uniform circuit. J 
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In certain cases during use of diagram with discharge line 
effective resistance of load cannot be undertaken by equal to wave 
impedance of forming line. Then agreements use non-uniform circuit, 
which performs the role of transformer. However, aS it was shown into 
§ 1.8, non-uniform circuit distorts the flat/plane part of the pulse. 
So that the pulse on the load would be rectangular, discharge line 


also must be heterogeneous. 


Fig. 3.19a gives diagram, where between discharge exponential 
line 1 and load R, after key/wrench K is included/switched on matching 
transformer 2 in the form of exponential line of transmission [46]. 
Fig. 3.19b gives the equivalent schematic of this device/equipment. 
Load resistor/resistance is selected by the equal to the 
resistor/resistance of transformer in output terminals. It is evident 
from the equivalent diagram that the voltage on the input of 


transformer (point C) will be 


Z.E 


Uc 7aT 


where Z, - input resistance of the forming line (from the side of 
commutator) ; 


Z, - input resistance of transformer. 
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Fig. 3.19. Diagram of formation with matching non-uniform circuit (a) 


and its equivalent diagram (b). 
Page 160. 


From theory of exponential line, which is used as forming 
two-terminal network and transformer, are known expressions for input 
resistances [40, 46, 47]. The wave impedance of exponential line 


according to (1.109) is equal 
p(X) == pye** == Vi eke, 
input resistance of exponential forming line has following 
operational expression: 
2 ty op. | i a Ps SI 
1 (2) = Po apne € ae ee | (3.29) 


Plyo 


where t,, ~ delay time, which corresponds to overall length of line 


f,. 


Input resistance of transformer, coordinated with termination, 


J 








DOC = 88076710 PAGE ‘a 





5 ky —2pt 5, aa 
Z,(p)= Pe [1+ ee" *)|. (3.30) 


It is here assumed that both lines have identical delay per unit 


of length t,,=const, and exponents k, and k, are different. 


After substituting values of resistors/resistances of 2,(p) and 
Z.(p) into expression for Uc, we will obtain for image of voltage on 


input of transformer (at point C in Fig. 3.19b) following expression: 











a k, —2pls, f k, Rifas 5 
U (p= [1 4plae ee oa 4pt?, / 
k = pty | EO . 
+4351 + (3.31) 


As positive direction of motion of wave is accepted motion to the 
left for forming line and from left to right for transformer, and are 
also taken into consideration corresponding signs in coefficients of 


K, and K,. 
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Exponential term with index 2pt,, considers the presence of 


reflections from the outlet end of the transformer. 


Voltage/stress U, in terminals of termination (at point D in Fig. 
3.19b) can be found, if we use solution of equation for exponential 
line [46], after using it in this case to exponential transformer. 
Output voltage/stress U,, will be composed from direct wave, which is 


propagated from point C to Dp (U’,). and reflected, passing from point D 
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to C (Un). i.e. 
U,=U"s 4-U" "= U'y (1 eat), 


where m,- reflection coefficient on the voltage from the outlet end 


of the transformer: 


Image for voltage/stress U', will take the form 


Ratae 
“ Py Boe —Ptiyl Ratss 
U'y(p) =U (pyc “eo . — Rpt, ‘, 
where value U’,(y) in the case in question is equal to value ,(?). 


Then the output voltage/stress 


Factors, which determine value of transformation ratio of voltage 
and delay time in transformer are here omitted. In the forming system 
the divergence of the pulse amplitude from the constant value is 
determined by the second and third members of expression (3.32). 


These terms are reduced, if the condition 


Bila 
k= The 


is satisfied. 


Page 162. ) 
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Condition, necessary for compensation for decay ("avalanche") in 
pulse apex, thus, can be recorded in the following form: 
he Ratan (3.33) 
ky 2tso 
Let us recall that for forming line and transformer is accepted 


equality of delay times per unit of length, ives Gi hye 


Transformer must be designed so that pulse amplitude would be 
reduced not more than to 10% in the case of its connection/attachment 
to usual forming line (to uniform). Then, assuming/setting in 
expression (3.32) K,=0 and producing integration for the time from t=0 


to t=2t,,, we obtain 


kotast, aa 
2 
430 


= 0,1. (3.34) 





Thus, using known values fu, », 45, and duration of pulse f= 2a. 
from expression (3.34) we find k,, and values of t,, and k, - from 


expression (3.33). 


If forming line and transformer have identical delay per unit of 
length, then necessary lengths of lines are assigned by 
relationships/ratios 


tay faa (3.35) 


te’? fae" 


System examined, which consists of exponential forming line and 
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transformer, makes it possible to obtain on termination pulse, very 
close in form to rectangular, although resistance/resistor of load &: 


can considerably differ from wave impedance of forming line. 


Diagrams of formation with uniform and non-uniforms circuit 
examined it requires application of lines, whose sizes/dimensions 


become large, if pulse duration is more than 5-10 ns. 
Page 163. 


Thus, in the case of using coaxial cable in the diagram with the 
discharge line its length is equal to 1 m for the duration of pulse 10 
ns. Therefore they are of interest of the forming lines with the long 


Gelay time per unit of length. 


Ya. S. Itskhoki [1] has proposed special construction/design of 
mMagnetodielectric line for impulse shaping of short duration. Line 
has the sufficiently long delay time and the significant magnitude of 
wave impedance. This is achieved/reached by loading during the 
special construction/design of the cable, distinctive features of 
which is the special method of introduction inside the cable of 


magnetic dielectric. 


Idea of construction/design of cable is illustrated by Fig. 3.20. 
Central current-conducting rod (1) is surrounded by ferromagnetic 
cylinder (2), which is assembled from the thin plates of ferromagnetic 


material, isolated from each other by the insulating layers. 








gg 
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Ferromagnetic cylinder is surrounded by the concentric "dielectric 
cylinder" (3), which fits closely by external surface to external 


conducting cable sheathing (4). 


In cable of described construction/design magnetic field is 
concentrated, in essence, in ferromagnetic cylinder, and electric 
field - in dielectric cylinder. Ferromagnetic cylinder does not block 
the course of permittance current in the radial direction of cable, 
but it blocks (due to the presence of those insulating interlayer) the 
course of conduction current lengthwise of cable. Due to this into 
dozens of times it is possible to raise both the linear inductance of 
cable and linear capacity/capacitance. Therefore it is possible to 
construct this cable with the wave impedance into several hundred ohms 
with the long delay time per unit of length (order of several ten 


nanoseconds to the meter). 
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Fig. 3.20. Diagrammatic representation of construction/design of 


Magnetodielectric forming line. 
Page 164. 


Linear parameters of cable are determined by relationship/ratio 


-10- 0 
pa tao ace [aon 
2n (3, +8) d’ | cm |’ 


Key: (1). wH. (2). pF. 


where y,--- operating in the pulsed operation magnetic permeability of 
ferromagnetic washers (by thickness *.): 
¢, and e, - with respect the dielectric constants of dielectric 
cylinder and insulating layer of internal wiring of cable; 
8. - thickness of the insulating layer ketween the ferromagnetic 


washers. 


[1] Show experimental investigations that with the aid of this 
magnetodielectric forming line it is possible to obtain to pulse by 
duration several ten nanoseconds during relatively steep front and ) 


shear/section. For the formation of such pulses can be also used 
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spiral coaxial cables of the delays, whose data are cited in Table 


1.3. 


3.4. PROPERTIES OF THYRATRON AS THE COMMUTATING ELEMENT OF THE 
NETWORKS OF THE FORMATION OF NANOSECOND PULSES. 


As commutating element in pulse-shaping circuits of nanosecond 
duration thyratrons find wide application. The advantages of 
thyratrons as commutators include their following properties: 

- control capability of the moment/torque of commutation, also, 


within certain limits of frequent commutation; 


low value of a voltage drop across commutator; 

- the significant magnitude of the permissible discharge current 
with the relatively low voltageées/stresses; 

- possibility of work in the sufficiently broad band of anode 


voltages. 
Page 165. 


With impulse shaping of nanosecond duration to thyratron as 
commutator are presented stringent requirements relative to speed of 
response. Time the course of this time determine the form of front 
and partially pulse apices. The stability of the moment/torque of 
commutation and the frequency of commutation are other important 


requirements. 


Depending on character of processes of ionization and 
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deionization in thyratron it to a certain degree can satisfy 
requirements indicated. The considerable number of investigations is 
devoted to the processes of deionization and ionization in the 
thyratrons. To questions of deionization time was initially given 
more than attention, since the process of deionization limits the 
operating frequency of thyratron. The duration of the ionization of 
thyratron was counted very small in comparison with the deionization 
time and the pulse duration, and therefore they frequently disregarded 


it. 


Process of deionization depends on internal factors, such, as 
character of gas filling, construction/design of electrodes of 
thyratron, and from external - circuit diagrams of thyratron and mode 


of its operation [48, 49, 50]. 


It is known that in period of deionization instantaneous value of 
breakdown strength of thyratron depends on value of pulse of anode 
current, grid bias and resistor/resistance passed through thyratron. 
With a change in the value of anode voltage or duration of the 
formed/shaped pulse the process of deionization in the time will 


flow/occur somewhat differently. 


Sometimes for evaluation/estimate of limiting frequency of 


separate thyratrons they use relationship/ratio 
U,i,F ~ const, 


where U, - anode voltage; 
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i, - anode current of thyratron; 
F - pulse repetition rate. The value of constant is different 


for different thyratrons. 
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With work of thyratron in oscillator circuit at the beginning of 
ignition of thyratrons at different moments of time (from one pulse to 
the next) state of the gas in it can differ somewhat, i.e., process of 
deionization proceeds somewhat differently. This fact leads to a 
change in the firing point of thyratron during the supplying to its 
grid of identical and strictly stable in the time trigger pulse, i.e., 
causes the instability of commutation, what is an essential deficiency 


in the thyratron. 


Application of thyratron in pulse generators of nanosecond 
duration led to need for more detailed study not only of process of 
deionization, but also process of ionization, or stability of ignition 
of thyratron. In the works, dedicated to the studies of deionization 
and ionization of thyratrons, some authors expressed considerations 


relative to the reasons, which cause ionization time [48, 49, 50]. 


They sometimes divide ionization time into two intervals. During 
the first interval, called delay time, the anode current of thyratron 
changes very slowly, for the time of the second interval, called the 
time of commutation, anode current changes sharply. Duration of both 


periods is connected with the special features of ionization and is 
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different for different thyratrons. 


Absence at present of sufficient theoretical data of those making 
it possible to accurately determine time of commutation of thyratron, 
is completed by experimental investigations of commutation properties 
of thyratrons, which became possible with development of 


high-speed/high-velocity oscillography. 
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Fig. 3.21. Characteristic of ionization of thyratron (a); diagram of 


its switching on/inclusion (b). 
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For evaluation/estimate of commutation properties of thyratron 
are examined its characteristics of ionization, which present 
dependence of change in voltage on anode of thyratrons from time in 
process of its ignition (Fig. 3.21a). The time of commutation can be 
defined as interval of At, in which the anode voltage will fall from 
value of E-ajAU { to E-bjAu|, where E - supply voltage (Fig. 3.21b); 
AU ~ total variation in the anode voltage. Coefficients a and b are 
usually taken as equal to with respect 0.1 and 0.9. Moment of time t, 
characterizes the time lag of the ignition of thyratrons. For 
obtaining the characteristic of ionization it is necessary to 
remove/take the oscillogram of anode voltage U(t) (Fig. 3.21a) or 
voltages/stresses U,(/) on known resistive load R: (Fig. 3.22), 
connected in series with the thyratron, to which is given the 
voltage/stress from the dc power supply with the zero 


resistor/resistance. In this case a change in the voltage/stress on 
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the load uniquely determines voltage/stress on the thyratron: 
U,()=E—U,(t), 
the current through the thyratron 


Un lf) 
1, (=O 


and, therefore, the resistor/resistance of thyratron as the function 


of the time 


R; (t= (ar zs 1) Ra. 
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Fig. 3.22. Circuit diagram of cathode-loaded thyratron for plotting 


curve/characteristic of ionization. 
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Voltage source with zero resistor/resistance is 
capacitor/condenser C, whose value is selected so that time constant 


of its discharge 
ty == C (Ra + Reo) 


would be at least ten times more than duration of process being 
investigated. Here Arn - steady~state value of the internal 


resistor/resistance of thyratron, 


Value of resistor/resistance in circuit of anode Ra is taken by 
such that within period of trigger pulses canacitor/condenser C would 
manage to virtually completely be loaded to supply voltage E. It is 
possible to consider during this identification of the parameters of 
diagram that during the process being investigated the potential of 


the anode of thyratron remains constant. 
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In diagram for plotting curves/characteristics of ionization 
(Fig. 3.22) virtually excluded effect parasite ache plate capacitance 
- earth/ground. Other parasitic circuit parameters must have low 
value, such, that the time constant of the circuits, which are formed 
due to the parasitic parameters, would be small in comparison with the 
ionization time of thyratron. Fig. 3.23 gives the equivalent diagram, 
which corresponds to diagram in Fig. 3.22 for plotting the 
curves/characteristics of the ionization of thyratron taking into 
account the possible parasitic parameters of real installation. In 
the diagram are shown the self-capacitances of thyratron Cao (anode - 
earth/ground), Caw (anode - cathode), C: (cathode - earth/ground), 
the wiring capacitance C,,, C..» Ca and inductance of the anodic and 


cathode introductions/inputs of thyratron 4a and Lx. 


peed 


Re a ee | 
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Fig. 3.23. Equivalent diagram of thyratron diagram for plotting 


curve/characteristic of ionization (Fig. 3.22). 
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As commutating element of pulse-shaping circuits of nanosecond 
duration of small power had extensive application finger pulse 
thyratron of type TGI1-31/1, and in pulse-shaping circuits of high 
voltage are successfully utilized pulse hydrogen thyratron of type 
TG11-35/3, TGI1-50-5, of TGI})-130//0 and other more powerful/thicker 
thyratrons [50, 51, 52). 


Table 3.1 gives average/mean values of stray capacitances of some 
thyratrons, and also value taking into account mounting of real 


diagram (64, 65]. 


As show research on the schemes with thyratrons [51, 52] 
application of finger thyratron TG1I1-3/1 makes it possible to carry 
out diagram, whose parasitic parameters are so/such low, that they do 
not affect work of diagram and characteristic of ionization can be 


obtained without distortion by its external circuits. 
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In order to have picture of ionization of thyratron with 
different values of supply of power, characteristic of ionization it 
is expedient to examine in the form of dependence U,= 1,(E,t). In Fig. 
3.24 are given the characteristics of the ionization of a finger pulse 


thyratron of the type TGI1-3/1 with the screen grid, connected to 
cathode [51]. 


Voltage/stress uw.(!) increases to its steady-state valve for time 


for time t, called total ionization time. 
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a. Tha Thiesys | Ctra TPH 1-130; 10 
apse. 
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veeit ng Shand te! We Pat Sa @... tt haus 
Wiad bam | | aK 
be 
Can 1,65 5.2 1.7 3,15 | 6,4 - 
Cus 7,8 (25 {6,4 | 
Cas | 5,2 | af 6,2 
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( 


Key: (1). Stray capacitances. 2). Tubes. (3). Tubes and 


mounting. 





Fig. 3.24. Characteristics of ionization of finger thyratron 


TGI1-3/1. 
Key: (1). IN. (2). NSK. 
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With the voltage error of the incandescence/filament of thyratron from 
the nominal value the ionization time changes. An increase in the 


filament voltage decreases the ionization time. 


Ionization time of thyratron can be broken into two 


gaps/intervals. The first gap/interval corresponds to the interval of 
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time t,, during which occurs the rapid increase of voltage/stress 

u,(t) according to the law, close to the linear. During gap/interval 
t, in the oscillator circuits occurs, in essence, the formation of the 
pulse edge. The first gap/interval subsequently will be called simply 


ionization time. 


Second gap/interval corresponds to interval of time t,-t,, when 
voltage/stress u,(f) increases slowly. This time interval affects 
shaping of flat/plane pulse apex. .As can be seen from characteristics 
(Fig. 3.24), ionization time decreases with an increase in 
voltage/stress E. An increment in voltage/stress U' for time t,-t, 
remains with the different values of voltage/stress E approximately 


identical. 


General view of characteristics of ionization for different 
values of resistance/resistor of load &, is not changed, changes only 
value of steady-state value of voltage/stress on thyratron «“,, and, 


therefore, voltage/stress on load. 


For high-voltage pulse hydrogen thyratron TGI1-35/3, TGI1-50/5, 
TGI1-130/10 value of capacity/capacitance c,,, shunting cathode load in 
diagram in Fig. 3.22, is more than in finger thyratron, and time 
constant of circuit of charge of this capacity/capacitance U=RuCw is 
equal to 1-2 ns (when R,=75 ohm), and ionization time of thyratrons of 
approximately 11-14 ns. Thus, and for these thyratrons the effect of 


stray capacitance also can be disregarded/neglected. It should be 
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' noted that to the filament circuit of powerful/thick thyratron it is 

necessary to connect high-frequency choke, since cathode and heater of 
thyratrons frequently have common point and cathode load can prove to 
be the shunted capacity/capacitance of the filament wires (or with the 
capacity/capacitance of the winding of filament transformer) relative 


to the earth/ground. 


Stray inductance of diagram /«. determined by inductance of 
introductions/inputs of high-voltage thyratrons, proves to be equal to 


approximately 0.15-0.2 uwH. 
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Therefore in the equivalent diagram in Fig. 3.23 it is expedient to 
leave inductance /. and 4 been connected in series with the 
resistance/resistor of load Ri and the resistor/resistance of 
thyratron Xm. and stray capacitances in the first approximation, can 
be disregarded/neglected. The time constant of circuit, which affects 
the period of the establishment of process during plotting of the 
curves/characteristics of the ionization of thyratron, thus, is 
determined by expression r=1,/R, where R - the total resistance of 
circuit, and /u- total inductance of the introductions/inputs of 


thyratron. 


Presence of parasitic parameters of thyratron, strictly speaking, 


does not make it possible to obtain actual value of ionization time of 


thyratron. Ip the case of the finger pulse thyratron TGI1-3/1 the 
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time constant of circuit, caused by the parasitic parameters of 
thyratron, is considerably lower than the ionization time of gas in 
the thyratron, and therefore the ionization time observed on the 
oscillograph corresponds to actual value. However, in the case of 
high-voltage pulse thyratrons it is necessary to consider stray 
inductance /,, and consequently, it is impossible to observe the 
actual value of ionization time. This is explained by the fact that 
during the ionization of thyratron as a result of the rapid 
build-up/growth of current grows/rises the voltage/stress on the 
inductance of introductions/inputs and, therefore, decreases 
voltage/stress on the thyratron, which affects the rate of the process 


of the ionization of gas in it. 


However, experimental investigations of high-voltage thyratrons, 
given in Table 3.1, showed that effect of this factor on period of 
commutation of thyratrons is considerably less than integrating action 
of circuit Lik. by formed inductance of introductions/inputs and with 
load resistance/resistor. Therefore in the first approximation, i.e., 
without taking into account the dependence of the ionization time of 
thyratron on the stray inductance, the time of the establishment of 
process (measured at level 0.1 and 0.9 from the steady-state value) 
during plotting of the curve/characteristic of the ionization of 


thyratron can be rated/estimated by the expression 


te J eat (2.2 ge) - (3.36) 
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Knowing characteristic of ionization of thyratron, it is possible 
to determine possible duration of pulse edge, formed/shaped in diagram 
with thyratron as commutating element. Using diagram of formation 
with discharge line examined above (Fig. 3.9) and by thyratron 
commutator, it is possible to obtain on cathode load &: the pulse, 
whose frontal part according to the form corresponds to the 
characteristic of the ionization of the thyratron used in the diagram, 
and the shear/section of pulse repeats correspondingly the form of 
front (Fig. 3.25), if we do not consider an insignificant change of 
shearing/sectioning the pulse in its foundation due to the current of 


the deionization of thyratron. 


With impulse shaping of nanosecond duration stringent 
requirements on stability of moment/torque of onset of pulses are 
imposed. In the generators, which use a thyratron as commutator, this 


stability is determined by the stability of functioning thyratron. 


Investigations of stability of ignition of thyratron [51, 52] 
showed that periodic instability of ignition of thyratron or 
"chattering" of starting/launching of oscillator circuit changes 
within large limits, but in best cases it can be lowered to tenths of 


nanosecond. 


Should be distinguished two forms of factors, which affect 


moment/torque of opening of thyratron, and also to stability of 
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starting/launching of diagram - external and internal. 


Internal factors depend on construction/design of thyratron, i.e. 
on character of gas filling and construction/design and 
arrangement/position of electrodes. For many low-power thyratrons the 
absolute value of the temporary/time instability of that caused by 
internal factors, has very low value in comparison with the ionization 


time and therefore high value they acquire environmental factors. 


Environmental factors include stability of supplies of power, 
value of parameters of trigger pulse and their constancy in time. The 
sources of the grid-bias voltage, anode voltage and filament voltage 


of thyratron must be stable. 
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Fig. 3.25. Shape of pulse, obtained in thyratron diagram. 
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Special attention must be focused on high quality of voltage 
regulation of bias/displacement. The selection of the value of this 
voltage/stress also plays the significant role. Bias voltage must 
provide the reliable closing of thyratron, but not be too great, since 
the large amplitude of trigger pulses will be required and the delay 


time of the starting/launching of thyratron can prove to be large. 


Starting/launching of thyratron proves to be more stable, if it 
occurs at that moment/torque, when frontal part of trigger pulse 
operates on grid of thyratron. In this case the stability of 
starting/launching is above with the large steepness of the front of 
trigger pulse. As show investigations [51, 52], in the case of 
applying the finger pulse thyratron TG11-3/1 the trigger pulse must 
have an amplitude of approximately 200 V, a duration of 2-3 us for the 
duration of front not more than 0.1 ws. With such parameters of 
stable trigger pulse and power supplies stabilized to a sufficient 
degree the instability of the starting/launching of this thyratron 


does not exceed the tenths of nanosecond, i.e., it proves to be order 


~ OO Nmpa s 
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10-** s. 


For stable starting/launching of high-voltage pulse hydrogen 
thyratron amplitude of trigger pulses must be 300-400 V, and steepness 


of their front - about 4 kV/us. 


With ignition of thyratrons besides phenomenon of instability of 
starting/launching it is necessary to consider time lag of 
starting/launching, caused by time lag of firing point of thyratron 
relative to moment of supplying trigger pulse. This time lag, which 


depends on the character of the gas filling of thyratron and mode of 


operation of diagram (value of anode voltage, amplitude and the 


steepness of the front of trigger pulse, grid-bias voltage, etc.), has 
a value of the order of the tenths of microsecond and can be or more 


depending on mode and parameters of grid circuit. 


Delay factor of starting/launching of diagrams with thyratrons, 
which has important value in series/row of schematics of nanosecond 
pulse technique, can anoothiy be regulated. The adjustment of the 
delay of starting/launching is realized by changing the value of bias 


voltage on the grid of thyratron. 
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However, this adjustment is possible only in the permissible limits, 


when the stable starting/launching of hyratron still is provided. ) 


Virtually this adjustment proves to be possible in the limits from 
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50-80 to 600 ns for the finger thyratron and in the limits of 150-500 
ns for the high-voltage thyratrons. The delay time of 
Starting/launching decreases with an increase in the steepness of the 


front of trigger pulse (with the fixed/recorded grid-bias voltage). 


Comparatively low permissible frequency of commutation is one of 
deficiencies in thyratron as commutator. As noted, this frequency 
depends on the duration of the process of the deionization of 
thyratron, which determines recovery time of the controllability of 
thyratron. Recovery time of the controllability of thyratron is the 
less, is the greater the negative grid-bias voltage, the less the grid 
leak and the less the duration of the formed/shaped pulse. 
Furthermore, recovery time of thyratron depends also on the internal 
factors, determined by type and gas pressure and by 


construction/design of electrodes. 


In pulse hydrogen thyratron TGI1~-35/3, TGI1-50/5, TGI1-130/10 
recovery time of controllability is 3-5 times less than in finger 
thyratron TGI1-3/1, and this makes it possible with high-voltage 
hydrogen thyratron to obtain frequency of commutation to 30-40 kHz, 


and with finger thyratron to 10 kHz. 


Operating frequency of thyratron TGI1-3/1 can be increased by 
effect on it of magnetic field [53]. Placing the thyratron into the 
permanent magnetic field of the necessary value, oriented 


correspondingly relative to the electrodes of thyratron, it is 
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possible to decrease the deionization time of thyratron by the effect 
of this field to the processes in the plasma, which will lead to an 


increase in the operating frequency. 


3.5. PULSE-SHAPING CIRCUITS WITH THE THYRATRONS. 


Simplest pulse-shaping circuits. 


For impulse shaping of nanosecond duration are used diagrams with 
thyratron commutators, in which as accumulator/storage of energy are 


utilized sections/segments of coaxial cables or capacity/capacitance. 
Page 175. 


The application of a capacity/capacitance instead of the cable is 
expedient when the duration of the formed/shaped pulse is commensurate 
with the ionization time of thyratron. Tf it is necessary to form the 
pulse, whose duration is commensurate with the ionization time of 
thyratron, and it is not presented to its form of stringent 
requirements, then the diagram, which completely cnincides with the 
diagram Fig. 3.22 can be used. In this case capacitance value of 
capacitor/condenser C is selected from condition of its complete 
discharge approximately for ionization time. During the capacitor 
discharge on the cathode load the voltage pulse, in the form which 
differs from the rectangular is formed (Fig. 3.26). With the decrease 
of vzlue C the pulse duration is shortened, but in this case it 
decreases and to amplitude. In this case the pulse duration can be 


less than the ionization time. Knowing the characterist.c of the 
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ionization of thyratron, it is possible to find the parameters of 
pulse. In the interval of time O<tst, (where t, - first interval of 
ionization time) the set of characteristics of ionization it is 


possible to approximate by the linearly increasing function 


ty = (E —U,) kt, ~ (3.37) 
where k - coefficient, which characterizes the rate of the increase of 
process; 
U, - averaged value of voltage/stress Un+U’ (for the differ it 
values of voltage/stress E), and values U: and U' are shown in fig. 


3.24. 


Values k and U, are determined from solution of system of 


equations 


U's = (L’--Ug) RU, 
Ul y= (EM Uy ht”, 


Values vy’, U",, t,t’. F’ and E" can be found from characteristics of 


ionization graphically of [54]. 
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Fig. 3.26. Pulse, formed/shaped in thyratron diagram with small 


storage capacity/capacitance. 
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From equivalent diagram in Fig. 3.27, appropriate thyratron 
diagram, it follows that voltage/stress on load Rk, can be recorded 


thus: 


uy (OQ) -= [a (-—- Uy Rs (3.38) 


Voltage across capacitor u(t) can be determined through 
capacity/capacitance of C and resistor/resistance of thyratron R,(1), 
which, however, depends on voltage/stress. Therefore equation proves 
to be nonlinear and its numerical solution can be obtained, after 
assigning the approximation of the characteristic of ionization. The 
parameters of the formed/shaped pulses are determined usually 


experimentally. 


If we in diagram in question use finger thyratron TGI1-3/1 and to 
fulfill mounting, without introducing essential parasitic parameters 
(value of which does not exceed values, given in fable 3.1), then it 
is possible to form pulses by duration (at level 0.5 of amplitude) of 


2.5-3 ns with amplitude 30-50 V. 


Squaring circuit, where as accumulator/storage of energy serves 
segment of cable (Fig. 3.28), i.e., diagram of type fig, is propagated 
version of diagram with thyratron. 3.9. Generator, assembled 


according to diagram in Fig. 3.28a, is fulfilled in the form of 
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coaxial line, which provides agreement of forming cable with load and 
it makes it possible to reduce to minimum parasitic circuit 
parameters. In the places of the disruption of the center conductor 
inside of it is placed the thyratron, moreover for the realization of 
agreement R.t+Ro=p in the connection point of thyratron line is 
fulfilled so as to ensure the jump of wave impedance to value Rr aue 
to the different diameter of center conductor. Here R - 
resistance/resistor of cathode load; Rw» - the steady-state value of 
the resistor/resistance of thyratron; p - wave impedance of the 
forming line. For obtaining the pulse of negative polarity is 


utilized the diagram in Fig. 3.28b. - 
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Fig. 3.27. Equivalent diagram, which corresponds to thyratron 


diagram. 
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For interval of time 0<ts2t,, where t, - delay time of forming 
line, equivalent oscillator circuit without taking into account 
parasitic parameters (which is easy to ensure with finger thyratron) 
is represented in Fig. 3.28c. This diagram when R,=R:+? proves to be 
the completely identical equivalent to diagram installation, with the 
aid of which is plotted the characteristic of ionization (Fig. 3.22). 
Therefore it is possible to assert that for time Osts2t, pulse, 
created on the load, repeats the characteristic of ionization for this 


value of supply voltage E, but on other scale: 


i Re 
Uy = Uy (f) P+Re 


Without taking into account small effect of current of 
deionization, noticeable after discharge of line, shear/section of 


pulse must be on form the same as front (Fig. 3.25). 


came tt 
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Duration of formed/shaped pulse in its foundation exceeds doubled 
delay time of line 2t, to ionization time of thyratron. The shape of 


pulse is close to the rectangular, if the doubled delay time of line 


noticeably exceeds ionization time. 


a7 
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Fig. 3.28. MThyratron pulse-shaping circuits: a) diagram of formation 
of positive pulse; b) diagram of formation of negative pulse; c) 


equivalent diagram. 
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Pulse apex, however, has in the beginning smoothly increasing section, 
caused by the presence of the interval of the slowly increasing 
voltage/stress of the characteristic of ionization. The effect of 


this section is especially noticeable with low supply voltages. 


Depending on length of line in diagram, which works on thyratron 
TGI1-3/1, are formed/shaped pulses with amplitude of up to 500 V and 
duration of from 15 ns and more for duration of front of approximately 


6 ns. 


If length of segment of forming cable is such, that doubled time 


roa 
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of its delay of the same order as as ionization time, then obtained 
pulse noticeably differs in form from rectangular, approaching pulse, 
obtained during capacitor discharge in diagram in Fig. 3.22, whose 


oscillogram is given in Fig. 3.26. 


In diagrams described parasitic parameters here were not 
considered. However, with the formation of the powerful pulses of 
nanosecond duration in the diagrams with the high-voltage thyratrons, 
which have relatively larger overall dimensions, the presence of the 
parasitic parameters is possible. In the preceding/previous paragraph 
it is indicated, that in such thyratrons it is necessary first of all 


to consider the inductance of introductions/inputs. 


Diagram with forming cable and load in cathode of thyratron (Fig. 
3.28a) can be replaced with equivalent diagram, where inductance of 
introductions/inputs and stray inductance of mounting are taken into 
consideration (Fig. 3.29). The resulting duration of the edge of the 
formed/shaped pulse, thus, is determined by the ionization time of 


thyratron and by the parasitic parameters of circuit. 


Duration of front can be approximately rated/estimated on the 


basis (3.36) by expression 


ty= Vt + (2.9L, /R), 
where R= Ry +R to. 





DOC = 88076711 PAGE KK 





Fig. 3.29. Equivalent diagram, which corresponds to thyratron diagram 


taking into account stray inductances. 
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Account only of inductance of introductions/inputs of thyratron 
introduces insignificant correction in duration of edge of pulse 
(5-10%). During the insufficiently good mounting of:the real diagram, 
when total stray inductance reaches 0.5 uH and more, this correction 


becomes essential. 


During use in diagram of high-voltage pulse thyratrons, indicated 
in“Fable 3.1, it is possible to form pulses, duration of front of 


which 11-14 ns. 


Diagrams, noncritical k to the value of load. 


Pulse-shaping circuits with discharge line (of type of that given 
in Fig. 3.9) work under matching condition of line characteristic with 
load resistance/resistor. Since the sections/segments of coaxial 
cables, which have small set of the ratings of wave impedance (50, 75, 
100 150 ohms), usually are utilized as the forming line, then the 


value of the load resistance/resistors is limited. Therefore far from 


wee ee te sen 
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always it is possible to coordinate load with the cable, furthermore 


diagram cannot successfully work on the nonlinear load. 


Advantage considerable in this respect possesses pulse-shaping 
circuit of nanosecond duration, in which is utilized discharge line, 
loaded from one end/lead and locked to matched impedance from another. 
The principle of the operation of this diagram (Fig. 3.13) is 


described into § 3.2. 


Diagrams of such type with thyratrons as commutating elements are 
given in Fig. 3.30 [44]. In the diagram with two thyratrons (Fig. 
3.30a) is possible continuously variable control of the pulse duration 
by changing the delay time of the starting/launching of one thyratron 
relative to the moment/torque of the starting/launching of another 
ty=h—h. For obtaining the pulse duration, equal to the doubled delay 
of cable, it is necessary that the forming thyratron L, would 
operate/actuate earlier than matching L, to the period, equal to the 


delay of cable (t,=t,,/). 


Page 180. 


If thyratrons operate/actuate simultaneously, i.e., 4,=0, Then 
pulse duration will be equal to delay of cable i,=!: If the matching 


thyratron operates/actuates earlier than forming to the period, equal 
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to the delay of cable, then it will not be on the load of pulse, since 
the wave of voltage/stress from the end/lead of the cable reflected, 
to which is connected the forming thyratron (Fig. 3.14), will have 


time to go away. 


Thus, it is possible to say that pulse duration is linear 
function of delay factor of starting/launching of one thyratron 


relative to another 


Minimum pulse duration without reduction of its amplitude is 


determined by expression 


by sun ly whe le, 


where 1, and te - duration of front and shear/section of pulse, 
determined, in essence, by ionization time of thyratron. In this case 


the pulse has a form, close to the triangular. 


If they take place of inequality {,>¢, and R,:>p, then duration of 
formed/shaped pulse will be more than time of dual delay of forming 
cable as a result of possibility of multiple reflection of waves of 


voltage/stress from ends/leads of cable (one of which proves to be 


extended). The shape of pulse is shown in Fig. 3.31. 





QI 
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Fig. 3.30. MThyratron diagrams, noncritical to value of load: a ) 


.with two thyratrons; b) with one thyratron. 
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The form of pulse apex proves to be stepped. The duration of each 
step (except the latter) - constant value is equal to the doubled 
delay of cable 2t,. The duration of latter/last step can be less than 


2t,, Since it changes with change };. 


During external starting/launching of generators delay time of 
their starting/launching is of interest. In this diagram it proves to 
be possible to realize an adjustment of the delay of 
starting/launching for the constant/invariable duration of the 
formed/shaped pulse. The delay of starting/launching is determined by 
triggering time of the thyratron of formation L, and does not depend 


on triggering time of the second thyratron. 


Pulse duration depends on triggering time of both thyratrons, 


since /,=/.--1,. Consequently, to smoothly change pulse delay without a 


AIT 
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change in its duration is possible when time difference of functioning 
i, remains constant value, i.e., with change t, on tat, t, must change 
to the same value +A4t. This is possible, if within the limits of the 
necessary delay of the forming line t, the front of trigger pulse will 
be linear. Then a change in the delay of the formed/shaped pulse can 
be obtained with the aid of a change in the bias voltage on grids of 


both thyratrons simultaneously. 


Actually, if front of trigger pulse is linear and has 
slope/transconductance S,. then moment/torque of triggering/opening of 
first thyratron t, corresponds to voltage/stress of trigger pulse [',,. 


i.e. 


Respectively moment/torque of starting/launching of second 


thyratron 


ADE 
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Fig. 3.31. Shape of pulse of considerable duration. 
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Since in limits of linear sector of the front of trigger pulse 
S,=const, then range of adjustment of moment/torque of 


starting/launching of thyratrons is equal to 


Une — Us 


ih=t—-L= a 


For obtaining pulse by duration, equal to 4,=0+2/,, it is 
necessary to have linear sector of the front with duration (4,22. In 
this case range of adjustment of the delay of the formed/shaped pulse 


will be equal to 


. . { Un» —U yy —v/ 
Designating - " Sy a 
Uns —U 
ly te == 2s, 
we obtain tu=te —ty 
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This is correct, if duration of formed/shaped pulse /,<2!,. 


With 
Una — Un < 2t, 
S 


adjustment of delay of formed/shaped pulse without change in its 
duration is impossible. In this case it is necessary to increase the 


duration of the front of trigger pulse and its amplitude. 


It is necessary to consider that 


Un, = Un Ma cow MALT 


where Unwuw ~- minimum starting voltage with steepness of front of 
trigger pulse Ss, 
Eun, ~ SMallest allowable voltage of bias/displacement on grid 


of thyratron. 


For obtaining pulse by duration, equal to /,= 2/,1, it is 
necessary to have linear sector of the front of trigger pulse with 
duration 


ty = fs (a + 1). 
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General formula for determining range of adjustment of delay of 


formed/shaped pulse will be 


2d0 
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fi tp, ~ (ty tty). 


Exception/elimination is case, when both thyratrons operate/wear 
simultaneously, i.e., 4,=0 and ‘=. For this case the requirement for 
the linearity of the front of trigger pulse becomes meaningless and 


range of adjustment of the delay 
tu-t fp obo 


where tmw- rise time of trigger pulse to the firing point of the 


thyratron of formation (L,). 


Range of adjustment of grid-bias voltage will be 


Bes re OW Mun —— Ua, 
cons = Uy Mat Uy. 


) Adjustment of delay of formed/shaped pulse can be realized by 


adjustment of conjugated/combined potentiometers, circuitals of 


bias/displacement of thyratrons. 


In the case of impulse shaping with duration up to 2t,, its 


amplitude is equal to 
ere an AR on’, 
USERRA 


With formation of long pulse, when ;,>2/, and at pulse apex 


appears n of steps, amplitude of shear/section of pulse is equal to 


U,=. 8 -Ruantt 
Cc ERE 
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where 


Ra+Rr—? 
RutRet+e° 


m= 
With high resistance/resistors of load R, (Ra>p) difference in 
amplitudes of adjacent steps is very small and actually is observed 


smooth decay in apex/vertex, which is determined by relationship/ratio 


‘3 _U,—Ue we NY My ee, 


‘= We >. U 
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Value characterizes form of pulse apex, it is possible to use 
it during calculations, determining number of steps, maximum pulse 


duration and value 1, 


Thus, this diagram (Fig. 3.30a) makes it possible to form/shape 
square pulses with duration up to 1,-=-2/, with value of load, which is 
changed within large limits (from R,—» to hundred of kilohms), and 


with constant quantity of matched impedance R-. 


If load large, R,>=100 kilohms, and time difference of 
starting/launching of thyratrons exceeds 2t,, then it is possible to 
form/shape pulses with duration to 1-2 us. This gives the large 
universality to diagram, which can be utilized both in the nanosecond 
range and for the impulse shaping of the beginning of microsecond 


range. However, its main advantage is noncriticality to the value of 


ao a ste tne ater smn “ 
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resistive load and, therefore, the possibility of its application in 
the devices/equipment with the nonlinear and changing in the time 


load. 


Diagram in Fig. 3.30b, assembled on one thyratron, possesses the 
same properties, but it does not permit implemention of continuously 
variable control of pulse duration, which is equal to delay time of 


cable. 


Fig. 3.32 gives oscillator circuit of pulses of nanosecond 
duration, assembled according to diagram in Fig. 3.30a, with 
cascades/stages of starting/launching. The trigger circuit of 
generator consists of the assigning blocking oscillator (L,,,), 
amplifier (L,) and cathode followers (L;, and L,,). Blocking 
oscillator works both in the mode of auto-oscillations and in the mode 
of synchronization by the external trigger pulses, which enter through 
the phase inverter in the amplifier of starting/launching (half of 


tube L,,). 


Pulse forming unit consists of cascade/stage of formation (L,) 
and cascade/stage of agreement (L,), assembled on finger thyratrons 
TGI11-3/1. The first them them is intended for the impulse shaping on 
the load, connected to the discharge circuit of thyratron, the second 
- for obtaining shearing/sectioning of pulse and change in its 


auration. 
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Pulse, generated by blocking oscillator, has duration of 3 us 


with amplitude of 150 V. 
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Fig. 3.32. Simplified circuit of thyratron generator, noncritical to 
value of load. 

Key: (1). kV. (2). Starting/launching. (3). in. (4). Pulse 
duration. (5). Extension cap. (6). output. (7). output of 


synchronizing pulse. (8). Pulse delay. 
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It is removed/taken from the third winding of the transformer of 
blocking oscillator and enters the input of amplifier. The pulse with 
an amplitude of 300 V is removed/taken from the output of amplifier 
and it is supplied simultaneously to the grids of the cathode 
followers, assembled on two halves of tube 6N6P (L,, and L,,) and to 
the cathode follower (L,). The first two cathode followers serve for 


the starting/launching of the thyratrons of shaping unit, and the 
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latter (L,) is the output stage of pulse for the synchronization of 
the external diagrams, when blocking oscillator works in the auto- 


oscillating mode. 


For obtaining pulses of different duration on cascade/stage of 
agreement pulse with delay ‘, relative to admission on cascade/stage 
of formation comes. Delay factor is regulated by changing the load of 
cathode follower (L,,). Ranges of adjustment of delay from 15 to 100 
ns. Maximum pulse repetition rate 10 kHz. With the formation of 
Square pulses with the strictly flat/plane apex/vertex the load of the 
thyratron of the forming cascade/stage, i.e., termination of generator 
can vary within the range of 75 ohms to 100 kilohms. With the very 
large load (from 100 kilohms to 1 MQ) it is possible to form/shape 


long pulses with a small decay in the apex/vertex. 


With impulse shaping in the range 15-100 ns, pulse amplitude 
grows/rises with increase in load from 450 V when R,=75; ohm to 900 V 
with R,=750 kilohms. Smooth of a change in the pulse amplitude 
relative to its maximum value can be obtained by a change in the value 


of the anode voltage of the feed of thyratron. 


As forming line is used segment of cable RK-100-7-13 with length 
of 10 m. With the impulse shaping of positive polarity, the load is 
switched on in the cathode circuit of thyratron L,, and in the case of 
negative polarity - between the external braid/cover of cable and the 


earth/ground. In the second case the pulse current of the discharge 
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can pass not through the load, but on the braid/cover from the 
opposite end/lead of the cable. To avoid this cable it is coagulated 
into the bay, and then its braid/cover forms the inductance coil, 


which presents high resistor/resistance for the current pulse. 


Switched on thyratron (L,) semiconductor diodes in parallel serve 
for correction of shear/section of output pulse with high load 


resistance/resistors. 
Page 187. 


Diodes make it possible to rapidly carry out a discharge of stray 
capacitance in the cathode circuit of thyratron, which noticeably is 
charged with the large load (shunting this capacity/capacitance) for 


the pulse action time. 


For convenience in supply of output pulse into any diagram being 
investigated forming thyratron L, is installed into extension cap. 
Extension cap is connected with basic part of the generator by the 
hose, which supplies the forming cable, wire of the grid of thyratron 


and wire of incandescence/filament. 


Described generator, which is characterized by noncriticality to 
value of load, is used as signal generator. With the aid of similar 
generator it is possible to produce testing the impulse circuits, 
whose input resistances have values from tens of ohms to hundreds of 


kilohms. 
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Version of diagram without continuously variable control of 
duration of output pulses (with one thyratron) finds use as modulator 
of shf/SVCh generators, which are time-varying load (in process of 
modulation, for example, of magnetrons and other shf/SVCh 
instruments). This diagram is utilized just as the generator of an 
initial drop/jump in the voltage/stress or current (especially if 
diagram on the powerful/thick thyratrons), necessary for the impulse 
shaping in the nonlinear lines (Ghapter 4), where it is difficult to 
coordinate the input resistance of nonlinear line with the 


resistor/resistance of generator. 
Pulse-shaping circuits of high voltage. 


If it is necessary to form nanosecond pulses of high voltage, 
then it is necessary to utilize high-voltage thyratrons. However, how 
for more high voltage is designed thyratron, than more the time of its 
ionization. Therefore in the presence of the thyratrons, which have 
good commutation properties, but designed for the work with 
insufficiently high voltage, can be used the diagrams, in which the 
commutating element are two series-connected thyratrons (Fig. 3.33) 


[3]. 
Page 188. 


The series connection of thyratrons makes it possible to utilize power 


supplies with the voltage/stress, two times which exceeds working the 
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anode voltage of one thyratron. 


In this diagram trigger pulse is supplied through transformer to 
grids of thyratrons. It is possible to obtain three operating modes 
by the adjustment of bias voltage in the circuit of the grid of 
thyratrons: first operates/wears the first thyratron, both thyratrons 
operate/wear it simultaneously and anticipates/leads the second 
thyratron. During the starting/launching of the first thyratron L, at 
the output of diagram together with the main impulse can be observed 
the supplementary pulse, which anticipates/leads basis. The onset of 
supplementary pulse is connected with the discharge of stray 


capacitances in the circuit of the anode of thyratron L,. 
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Fig. 3.33. Pulse-shaping circuit of high voltage with two thyratrons. 
Key: (1). kV. (2). output of synchronizing pulse. (3). output of 


main impulses. 
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The mode of the coincidence of the ignition of thyratrons makes it 
possible to obtain the pulse of the same form, as in the case of 
diagram with one thyratron, but with the doubled amplitude. True, in 
this case it is necessary to ensure the rigid synchronization of 
ignition of both thyratrons, what is sufficiently difficult problem 
and requires the high stability of the supplies of power and large 
steepness of the front of trigger pulse with a sufficient stability of 
its parameters. The mode of operation of the diagram, when first 


ignites thyratron L,, makes it possible to obtain the edge of the 
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pulse of noticeably smaller duration, than in the diagram with one 
thyratron. This occurs because the ionization of thyratron L, occurs 
with the increased voltage/stress not its anode, since upper half of 
the voltage divider proves to be that shunted by thyratron L,, which 


conduct current. 


Structurally generators are fulfilled in the form of coaxial 
system, which is special container with thyratrons and built in 


coaxial cables (Fig. 3.33). 


Frequently together with main impulse it is necessary to have 
another pulse, displaced in time relative to the first, at separate 
output. In such cases at the output of generator the splitters of 
pulses, which represent the dividers with several outputs (Fig. 3.33), 
matched with the forming line are used. for displacing the pulses in 
the time at the output the segments of the cables of different length 


are used. 

However, other recently appearing methods of impulse shaping of 
high voltage with very short duration of front, make it possible to 
use one high-voltage thyratron and nonlinear forming distributed 
circuits (see Chapter 4). 


3.6. CORRECTION OF THE SHAPE OF PULSE. 


Characteristic deficiency in shape of pulse, obtained in diagram 


3// 
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with discharge line and thyratron, is smoothly increasing section in 
the beginning of pulse apex (Fig. 3.25), caused by 
retarding/deceleration of change in conductivity of thyratron up to 
moment/torque of total ionization of gas, and also slow decay in 


apex/vertex at the end of pulse. 
Page 190. 


The presence of such sections more noticeably expressed in the pulses, 
formed/shaped in the diagrams with the high-voltage thyratrons. So 
that the shape of pulse would be more rectangular, it is possible to 


use the methods of correction. 


Correction of apex/vertex at its beginning, and also partial 
decrease of duration of pulse edge it is possible to achieve by 
inclusion of supplementary anodic capacity/capacitance C, in parallel 
to forming line (Fig. 3.34a). The current through the thyratron with 
shaping of the initial section of pulse apex grows/rises due to the 
discharge of this capacity/capacitance. As a result to a considerable 
degree the form of flat/plane pulse apex is improved and the steepness 
of front in the upper part of the pulse (Fig. 3.35) somewhat is raised 
(3, 51]. With excessive capacitance value C, is observed 
overcorrection, which is evinced by the appearance of an overshoot in 


the beginning of apex/vertex. 
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Fig. 3.34. Thyratron diagrams with corrective capacitors, capacitors, 


switched on: a) in parallel to cable; b) in parallel to thyratron. 





Fig. 3.35. Shape of pulse with different value of corrective 


capacity/capacitance (c’,>c’,). 
Page 191. 


For finger thyratron TGI1-3/1 capacity/capacitance Cyou=15+20 pF, 
while for high-voltage thyratrons Cyon=3575U pF. The application of 
the corrective capacity/capacitance makes it possible in the case of 
finger thyratron to decrease the duration of front on 1 ns, and in the 


case of high-voltage thyratrons - on 2 ns. 


Application of corrective capacity/capacitance C. in diagram in 
Fig. 3.28a makes it possible also to a considerable degree to 


weaken/attenuate integrating effect of shunt capacitance Cu. which 


ee MeN ee ee a Ge GR Wee ee eS ee ES ye ee ae 


3h 


DOC = 88076711 PAGE ‘Y& 


sometimes proves to be to shunt resistance to loadings R,. the 
discharge of the corrective capacity/capacitance creates the 
conditions of the more rapid charge of shunt capacitance, the 
steepness of the pulse edge increases in consequence of which and the 


nonuniformity of its apex/vertex decreases. 


Presence of capacity/capacitance, which shunts load, and also 
application for correction of capacity/capacitance, switched on in 
parallel to forming cable, leads, however, to increase in time of 
shear/section of pulse. This is caused by the process of the 
discharge of the indicated capacities/capacitances through the load 


after time t=2t,. 


Time constant of discharge of capacity/capacitance Cc, is 
determined by internal resistor/resistance of open thyratron Rw and 


by resistance/resistor of load 4. it is equal to 


cn Cs (Rro + Ry). 


Occurring due to discharge of this capacity/capacitance increase 
in pulse duration, measured at level 0.5 of amplitude, will be equally 
1, 20,35 a RyCa, 


where vu, - amplitude of formed/shaped pulse. 


Increase in pulse duration, caused by discharge of 


capacity/capacitance Cn. 
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Method of correction with the aid of capacity/capacitance C.. 
connected in parallel to thyratron, does not have this deficiency 
(Fig. 3.34b). The current of discharge C, contributes to the more 


rapid process of the ionization of gas in its final phase. 
Page 192. 


If the value of this capacity/capacitance is not very great and it 
manages rapidly to be discharged at the moment of the complete 
triggering/opening of thyratron, then its presence does not cause an 
increase in the duration of the pulse edge, but slows down the 
displacement of operating point from the characteristic of ionization, 
which corresponds to voltage/stress U=E, to the characteristic, which 
corresponds to u=4= (Fig. 3.36). Curves 1 and 2 characterize a 
change in the voltage on the load of generator taking into account the 
decrease of voltage/stress in the forming line with E of up to E/2 and 
can be named the dynamic characteristics: curve 1 in the presence of 


capacity/capacitance C,o. and curve 2 when C,=0. 


Capacity/capacitance C,, corrects form of dynamic characteristic 
in its upper part, which leads to correction of apex/vertex and pulse 
edge on load Ru. The discharge current of this capacity/capacitance 
does not pass through the load resistance/resistor, and therefore the 
duration of the shear/section of pulse does not grow/rise and is equal 


to the duration of front. Optimum capacitance value C, for the finger | 
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thyratron of approximately 20 pF and for the high-voltage thyratrons 


of approximately 30 pF. 


However, connection of capacitor C, to high-voltage thyratrons 
can cause appearance of stray inductance due to jumpers, since 
distance between anodic and cathode outputs in series/row of 


thyratrons is not very small. 


a. 
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t 
Fig. 3.36. Dynamic characteristics of ionization of thyratron: 1 - 


in presence of capacity/capacitance with C.ox 2 - when ¢.=” 
Page 193. 


As noted earlier, presence in diagram of capacity/capacitance 
Cy which shunts cathode load, and also application of corrective 
capacity/capacitance ,:, increase in duration of shear/section of 
pulse is caused. For decreasing the duration of shear/section it is 


possible to use the special circuits of correction [3, 52]. 


Fig. 3.37 gives diagram, which corrects simultaneously as 
shear/section of pulse, so to a certain extent and its apex/vertex. 
Capacitor ©: with a capacity/capacitance of hundreds of picofarads, 
connected consecutively/serially with the load resistance/resistor, 
transmits the pulse edge without the distortions. The capacitor 
partially is charged for the pulse action time and voltage/stress on 
the resistance/resistor of load R, during the formation of the 
shear/section of pulse will be determined by value y,,—U,, which leads 
to the decrease of the duration of shear/section. 


Resistors/resistances rR, and &, serve for the capacitor discharge 


> 
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after the termination of pulse. 


Circuit of correction must not introduce disagreement/mismatch 
into forming line with load. The time constant of equalizer must be 
such that to ensure the undistorted transmission of the pulse edge and 
to at the same time ensure charge of capacitor C, to voltage/stress 
AUyave (Fig. 3.38), a sufficient for the correction shear/section of 


pulse. 


Matching condition of forming line is given by expression 


R,. “ 
P= R, + Rat Ry fe (3.39) 
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Fig. 3.37. Corrector of shear/section of pulse (a) and its equivalent 


diagram (b). 
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Time constant of capacitor charging circuit ¢, under effect of 


pulse edge must satisfy condition 


ty == R,C x = Skyy. (3.40) 
Time constant of capacitor charging circuit tor pulse action time 
must be 
4 fy 
Ne pe (3.41) 
1 
where Umane — AU anne 


R,=R, (1 —_ B): 


Value of resistor/resistance of R, is selected from condition of 


ae Uns R Ri (Ru + Rw) 
permissible decay in apex/vertex: tt we RT (8-42) 
Rit Ri + Re 


Capacitance of capacitor Cx is determined from conditions (3.40) 


and (3.41), which can be recorded in the form 


te MSH ~S-_! te 
Uae Uz. Oly, 


MW Teake = AU mane 


where ‘usm - minimum pulse duration. 
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Fig. 3.38. Oscillogram of pulse, obtained in diagram with correction. 
Page 195. 


With realization of correction of shape of pulses with the aid of 
diagram in Fig. 3.37 it is possible to decrease duration of front and 
shear/section of pulse on 1-1.5 ns with retention/maintaining of 


flat/plane pulse apex. 


Application of circuits of correction is expedient in diagrams 
with thyratrons, when forming cascade/stage, which is located on 
output of device/equipment, is besic. In these cases there is a 
possibility to consider the special features of load, on which works 
the pulse generator. When the forming cascade/stage on the thyratron 
is not output, but it is utilized as the generator of current taper or 
voltage/stress, which enters others the those forming value, then, 
naturally, to complicate diagrams by network elements of correction 
does not have a sense. For example, this position place during the 
use of the nonlinear forming circuits or lines has (chapter 4 and 8). 


J 


3.7. PULSE-SHAPING CIRCUITS WITH RELAYS. 
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In pulse-shaping circuits with thyratrons it is possible to 
obtain pulses, duration of front of which lies/rests within limits of 
5-15 ns, which depends on type of thyratron. The ionization time of 
thyratron sets limitation on the rate of the commutation of thyratron. 
Application instead of the thyratron of electron tube (corresponding 
power) makes it possible to obtain the pulses, the duration of front 
of which the order of the units of nanoseconds. If necessary for the 
impulse shaping of a small power for the duration of front for less 
than the nanosecond it is possible to use a commutator of another 
type. The electromechanical relay of special construction/design is 


such commutator. 
Commutation properties of relay. 


Electromechanical relay has very short time of commutation and 
insignificant and sufficiently fixed resistor of contact. It finds 
use as the commutating element in the pulse-shaping circuits of 


nanosecond duration. 
Page 196. 


In diagrams of formation it is possible to utilize usual 
electromagnetic relays, which are used in automation and equipment of 
communication (open type polarized relays and vacuum) [55]. However, 
for the diagrams of nanosecond range special relays are developed [56, 


57]. 
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Time of commutation of relay is considerably less than in 
thyratrons. Relay realizes a commutation via the periodic contact of 
armature and fixed contact. The motions of armature occur under the 
action of the alternating magnetic field, created by coil current, 
connected with the power supply by relay (usually with the voltage 
generator of low frequency). Therefore the stable work of 
electromechanical relay is defined by both the construction/design of 
mechanical system and by special features of electrical circuit. Some 
relays stably work in the very limited frequency region, others - in 
the wider region. The operating frequency of relay is caused by the 


resonance frequency of its mechanical oscillatory system. 


Resistor/resistance of commutation and constancy of its value are 
caused by construction/design of contacts of relay. The strength of 
current, switched in the contacts of relay, in the majority of the 
cases is considerably lower than the current strength in the thyratron 


of average/mean or even small power. 


Rate of commutation of relay is determined by construction/design 
of movable system of relay and by special features of contacrs 
themselves. However, for the time of commutation they can noticeable 
effect exert the parasitic parameters of the circuit, formed by 
conclusions from the contacts. In the usual electromagnetic relays, 
not designed specially for the work in the diagrams of the formation 3) 


of nanosecond pulses, stray inductance and capacity/capacitance is 
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very noticeable. During the application of such relays the certain 


possible change in the mounting of relay. 
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Fig. 3.39. Diagrammatic representation of construction/design of 


relay for coaxial system. 
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For eliminating parasitic parameters of mounting relays, 
specially designed for diagrams of formation of nanosecond pulses [40] 
against those fitted out for mounting in coaxial system are used (Fic. 
3.39). This relay is fulfilled in the form of the copper cylinder, 
which serves as the external conductor of coaxial system, within which 
is fastened to the insulators the internal conductor (from the elastic 
material, covered with silver), that consists of two parts - with 
motionless and movable. Both parts of the internal conductor have the 
platinum contacts, designed for the transmission of the current of the 
significant magnitude. Slide contact is set in motion and completes 
oscillations/vibrations at its resonance frequency, equal to 100-150 
Hz, under the action of the magnetic field of the coil, 


arranged/located on the external conductor of relay. 


Sizes/dimensions of external and internal conductors are selected 
so that wave impedance of system of relay corresponds to wave 


impedance of forming cable, which is connected up to one end/lead of 


3a5 


DOC = 88076712 PAGE a s 


relay, and also cable of output, which is connected up to another 


end/lead of relay. 


Some constructions/designs of relay have essential deficiency, 
which is expressed in the fact that at moment of closing of contacts 
their repeated contacts appear ("chattering"). As a result the shape 
of the obtained pulse sharply is distorted. Since in the relays, 
which have mechanical solid contacts, such repeated contacts of 
contacts during their closing/shorting are very probable, then for 
eliminating this essential deficiency are proposed relay with the 
hydrophilic contacts. In such relays the commutation is realized via 
the contact of two hydrophilic contacts or one solid nonwettable 
contact with liquid conducting medium, as which is utilized mercury 


(56, 57]. 
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Fig. 3.40. Diagrammatic representation of construction/design of 
relay with hydrophilic contacts. 
Key: (1). Contacts. (2). armature. (3). Capsule. (4). Housing. 


(5). Mercury. 
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Relays with contacts moistened by mercury, found use in 
series/row of generators of nanosecond pulses, is represented in Fig. 
3.40 [56]. In glass bulb, whose lower part is filled with mercury, 
are installed contacts. One contact in the form of the long springy 
armature, made from the ferromagnetic material, has capillaries, using 
which rises mercury. The second contact is motionless and made in the 
form of the platinum ball/sphere, attached to the small pole piece, 


sealed in in the upper part of the flask/bulb. 


Proceeding to junction mercury wets both contacts and during 
closing/shorting reliable compound is formed. Armature touches the 
contact at the point, close to the center of system, which limits the 


force of the jerk/impulse, which throws/rejects armature to this value ) 
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of the amplitude, whose value is insufficient for the 


disturbance/breakdown of the mercury bridge, which is formed during 
the closing of contacts. Thus, completely is removed bouncing of 


contacts during closing/shorting of relay. 


For increasing reliability of work of relay space within 
flask/bulb is filled with hydrogen under pressure in 10 atm. Relay is 


included in oscillator circuit as the part of the coaxial system. 


In generator with such relay it is possible to obtain pulses with 
amplitude of up to 50 V for duration of front 0.2 ns. Further 
increase in the pulse amplitude can lead to the disruption of the work 
of relay as a result of possible evaporation of mercury in the place 


of contact. 


Fig. 3.41 gives construction/design of relay with one rigid [57]. 
In glass bulb 1 is an armature 2 in the form of the jarring steel 
plate. Flat/plane platinum contact 3 is fastened/strengthened to the 
free end/lead of the plate. In the lower part the flask/bulb has a 
contraction. It together with glass small tube 4, mixed at the 
end/lead of the lower molybdenum conclusion/output, forms capillary. 
As a result of this mercury, which fills the lower part of the 


flask/bulb, is held in the capillary on the same level and 


counterbalances mercury column in the central tube. 
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Fig. 3.41. Flask/bulb of relay with one solid contact and mercury 


drop. 
Page 199. 


At the end/lead of this tube mercury forms convex meniscus 5, which is 
the second contact of relay. With the vibration of armature platinum 
contact each period, concerning the drop of mercury, cuts its and, 
thus, is realized commutation without the supplementary contacts of 
contacts. The drop of mercury then is restored due to mercury, which 
enters from the tube. The space of intra-flask/intra-bulb is filled 
with hydrogen under the pressure approximately 10 atm. In the upper 
and lower parts of the flask/bulb are conclusions, connected in 
accordance with armature and mercury. Flask/bulb is placed into the 
copper cylinder, on which is arranged/located the coil of relay. For 
the preliminary magnetic biasing of armature outside “he coi. 


permanent magnet is placed. 


Relay of such type is used in series pulse generator of 
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nanosecond duration G5-12. The formed/shaped pulses have a duration 
of front of approximately 0.4 ns and an amplitude, adjusted in the 
limits from 10 mV to 100 V. The pulse repetition frequency is 
determined by the resonance frequency of the oscillations of armature 


and is equal to 200 Hz. 


For formation in diagram with relay of pulses with duration of 


less than nanosecond it is necessary to have relay with time of 


commutation of less than 107*° s, and also to considerably decrease 
length of forming line. L.N. Tyul'nikov [58] proposed the 
generator, which contains the electromechanical relay, in which the 
element, which accumulates energy, simultaneously fulfills Paul 
interrupter. Schematically the construction/design of generator is 


depicted in Fig. 3.42. 
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Fig. 3.42. Diagrammatic representation of device/equipment of 
generator with relay, which have movable section/segment of center 


conductor of coaxial line. 
Page 200. 


Here coaxial line contains central conductor 1, which is cut in two 
places. Middle section/segment freely is moved in axial direction, 
alternately oscillating by the ends/faces of left and right of the 
attached sections/segments of center conductor. Left section is 
connected through resistor 2 to the dc power supply, right to matched 


load 3. 


In process of moving middle section/segment along axis of coaxial 
line with its contact of left section/segment charge of line occurs, 
and discharge of line for matched load is realized with contact of 
right section/segment of conductor. The motion of middle 
section/segment occurs due to the energy of the alternating magnetic 


field of coils 4 and 5, arranged/located out of the coaxial line. 


Generator, thus, is carried out as single coaxial line. J 


22) 
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Dielectric 7 is placed between the center conductor and external 
conductor 6. The gap between the center conductor and the internal 
cylindrical surface of dielectric is led to the tenths of millimeter, 
which comprises less than 1% of the diameter of external surface. 
Therefore a change in the line characteristic due to the gap is less 
than 1%. The reciprocating motions of the section/segment of center 
conductor without the axial bias/displacement do not introduce 


noticeable heterogeneity into the line. 


Generator can work stably even during repeated collision of 
contacts in process of their closing/shorting. This is admissible, 
since charging circuit is extended during the discharge of coaxial 
line for the load, and the discharge time of line, which determines 
the pulse duration, is considerably less than the time of the first 


contact of the sections/segments of center conductor. 


Possibility of shortening duration of formed/shaped pulse up to 
limit, which is generally feasible in generators with relay, is one of 
fundamental advantages of this generator. Thus, at the length of the 
middle section/segment of center conductor, by wound 1 cm, the pulse 
duration is close to 0.08 ns. With the considerable decrease of the 
length of the movable section/segment it is already necessary to 


consider of it as the lumped element of diagram. 


Limiting case of impulse shaping of very short duration will be 


during discharge of ball/sphere, into which degenerates movable 
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section/segment of center conductor with decrease of its length. 
Page 201. 


Its ability to work in frequency band relatively wide for usual 
relays is special feature of generator with movable section/segment of 
center conductor. The middle section/segment of center conductor va 
analogous to the loose beam/gully, which can freely be moved in the 
axial direction. This beam/gully under the influence of periodic 
force can complete motions out of the resonance of system up to the 
natural vibration frequencies of rod. Upper working oscillator 
frequency, however, can be limited due to finite time of the magnetic 
reversal of the ends/leads of the rod upon the replacement of the 
direction of the manager of the magnetic field of coils. In this case 
essential is the material, from which is prepared the center 
conductor, and also the form of external the control voltage, supplied 
to the coils. The maximum operating frequency of this generator can 


reach several kilohertz. 
Oscillator circuits with the relay. 


Oscillator circuits with relay are sufficiently simple. Fig. 
3.43 gives the oscillator circuit from the relays, which makes it 
possible to obtain at the output simultaneously three pulses, shifted 


in the time relative to each other. 
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Fig. 3.43. Oscillator circuit with relay. 


Key: (1). Power supply unit. (2). Forming cable. (3). output. 
Page 202. 


With extended relay forming cable is charged through 
resistor/resistance of R,, and from moment/torque of closing/shorting 
relay it is discharged for matched load. Load is composed from 
resistors/resistances of R,, R,;, R,, R, and the resistors/resistances 
of the output cables, locked for the resistive loads, equal to their 
wave impedance. In this diagram the matching condition of the forming 
cable with the load is satisfied, if the resistor/resistance of 
divider has a value R,=R;=R,=R;=p/2, where p - wave impedance of cable. 
In this case the amplitude of output pulses is equal to U:=U2=U;=E/6, 


where E - supply voltage. 


Is possible application of matched divider, at output of which 
pulses have different amplitude. If one of the outputs is not 


utilized, then it must remain loaded to the resistor/resistance, equal 


a ee a Td 
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to the wave impedance of the cable of this output. 


Pulse amplitude in diagrams with relay is very stable in value, 
in this case its stability is determined by stability of supply 
voltage, connected to forming line for its charge. In the diagram in 
question the amplitude of output pulses is regulated by changing 
supply voltage, which is conducted with the aid of switching of the 
divider of voltage and continuously variable control by potentiometer. 
The range of a change in the pulse amplitudes is virtually feasible 
from the millivolts to tens of volts. The duration of front and 
shear/section of pulse is the less, the more qualitatively the 


mounting of the diagram of formation is carried out. 


Generators with relay possess that advantage that in them easily 
can be obtained pulses both positive and negative polarity, which is 
determined by polarity of switching on/inclusion of source of power. 
The replacement of the pulse polarity is realized with the aid of the 


switch. 


Described oscillator circuit with relay as similar simplest 
diagrams with relay, has, however, number of deficiencies. Many 
relays work stably only at the specific frequency, equal or to very 
close to the resonance frequency of armature. For the same reason it 
is difficult to carry out synchronization of the work of generator by 
external trigger pulses. Generators with the relay have low pulse ) 


repetition rate. 
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3.6. 
PULSE-SHAPING CIRCUITS WITH THE ELECTRON TUBES. 


y : 
it Examined diagrams of formation with thyratrons either relay as forming 


element contain first-order two-terminal network in the form of 
section/segment of coaxial cable, extended at one end/lead, or special 
two-terminal network in the form of cable segment, connected at 
ends/leads with load and matched impedance. 


With impulse shaping is found also use of diagrams, whose work is 
based on properties of second kind forming two-terminal network. In 
such diagrams frequently as the source of current taper are utilized 
the cascades/stages on the electron tubes. The diagrams, which nave 
electron tubes as the commutator, make it possible to obtain pulses 
with the repetition frequency, considerably larger than in the 


diagrams with the thyratrons and the relay. 


Fig. ‘3.44 gives diagram with forming line and pentode, which 
ensures required current taper [59]. In initial state both tubes are 


closed and current in load R, is absent. 
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. Fig. 3.44. Diagram with forming line on pentodes. 


nent 
Key: (1). ¥ (2). “Tih (3). ns. 
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The trigger pulse of positive polarity with the steep front, obtained 
from the blocking oscillator, is supplied to the grid of the first 
pentode. For the time, during which the current in the tube L, 
reaches maximum, stray capacitances, available in the circuit of the 
anode of tube L, and cathode of tube L, manac2 to be discharged from 
600 V approximately to 200 V, which corresponds to positive 


voltage/stress on control electrode of the second tube. 


As a result of negative drop/jump in voltage/stress, which is 
created on cathode of second tube L,, it is opened/disclosed also 
through resistor/resistance of R, flows/occurs current of constant 
value. The negative drop/jump in the voltage/stress, which appears in 
this case on the anode of tube L,, is transmitted along the cable 


segment, short-circuited at the end/lead. After reflection from the 





J 
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end/lead of the line this drop/jump in the voltage/stress returns with 
opposite phase, as a result of which the shear/section of pulse is 
formed/shaped. Thus, on the anode of tube L, is created the pulse, 
whose duration is determined by the doubled delay of the forming line. 
The duration of front and shear/section of pulse in this diagram 
depends on the duration of the front of the drop/jump in the 
voltage/stress, supplied to the line, which is determined by 


triggering time of diagram on the pentode L,. 


Duration of front of output pulse here succeeds in obtaining 
equal to several nanoseconds. Pulse repetition rate reaches hundreds 


of kilohertz. 


Forming properties of second-order two-terminal network are 
utilized also in pulse-generating circuit of triangular form, proposed 
by Yu. N. Prozorovskiy [60]. Diagram consists of the forming 
two-terminal network, the cascade/stage, which creates current taper, 
and limiter. In the simplified form the diagram is given in Fig. 


3.45. 


In the case of applying pentode as current generator front of 
current taper is linear in its middle part, and beginning and end/lead 
are distorted due to effect of stray capacitances. The distortion of 
front at the pulse apex in this diagram is eliminated, since the 
forming line has a delay time less than the duration of the front of 


current taper. However, the application of limitation from below 


ee ta 
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makes it possible to remove the distortions of front in its initial 


part. 
Page 205. 


AS a result in the diagram the pulses of sufficiently correct 


triangular form are formed/shaped. 


Trigger pulse of positive polarity is supplied to input of 
blocking oscillator (to tube L,), which generates steep-sided pulses 
approximately 4 kV/us. This pulse is fed/conducted to control 
electrode of tube L,, which works in the mode of the generator of 
current taper. The anode current of tube in the pulse is equal to 2 
a, which makes it possible to obtain the sufficiently powerful pulse 


of nanosecond duration. 


Plate load of tube L, is cable segment and ohmic resistance. In 
the anode circuit of tube L, are formed/shaped two triangular pulses 
of negative and positive polarity, that correspond to front and 
shear/section of the pulse, which triggers tube. Negative and the 
lower part of positive pulses are intercepted/detached in the 
cascade/stage limitations L,. The upper part of positive pulse in 


this case is additionally amplified by the tube of limiter. 


Output pulse of negative polarity has correct triangular form and 
rate of build-up of front on the order of 30 kV/us. The pulse 


duration can be regulated by bias/displacement change on the grid of 
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tube L, from 3 to 19 ns. The pulse amplitude on the load of 150 ohms 
in this case varies respectively from 50 to 600 V. The pulse 


repetition frequency reaches several hundred kilohertz. 
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Fig. 3.45. Pulse-shaping circuit of triangular form. 


Key: (1). output. 
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Diagram can be altered for obtaining pulses of positive polarity. 
In this case limiting cascade/stage must be transferred into the mode 
of cathode follower; however, the steepness of the front of output 


pulse in this case falls to 4 kV/us. 


Application in this schematic of low-power electron tubes 
(receiver-amplifier) makes it possible to form/shape pulses with 


amplitude of up to 50 V. 


For all pulse-shaping circuits with nanosecond duration with 
electron tubes as commutating element, is essential form of trigger 
pulse. If in the diagrams with the thyratrons trigger pulse defines 
the operational stability of diagram, but not the form of the 
formed/shaped pulse, then in the diagrams with the electron tubes it 
defines both the stability of starting/launching and form of output 3 


pulse. Here the steepness of the front of trigger pulse must be 
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considerable, since it determines the jump steepness in the current, 
and consequently, front and the shear/section of the formed/shaped 
pulse. Only with the considerable slope/transconductance of trigger 
pulse stray capacitances of the diagrams, which also determine the 
shape of pulse, begin to play noticeable role. If the 
slope/transconductance of trigger pulse is insufficiently great, then 
in essence trigger pulse determines the form of the frontal part of 
output pulse. In the diagrams, where limiters are not used, the 
nonlinearity of the initial section of trigger pulse can affect the 


form of output pulse. 


However, possibility of obtaining high pulse repetition rate in 


diagrams with electron tubes is their essential advantage. 


3.9. Pulse-shaping circuits with the spark dischargers. 


In pulse-shaping circuits with relay is possible obtaining 
pulses, duration of front of which about 0.1-0.4 ns, but their 
amplitude is limited virtually by value 100 V. However, in the 
diagrams with the thyratrons it is possible to obtain the pulses of 
high voltage, but the duration of their front is considerably more 


than formed/shaped in the diagrams with the relay. 
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However, in number of cases it is necessary to have pulses of 


high voltage, duration of front of which is less than nanosecond. 


¢ | 
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Such pulses can be formed in the diagrams with the discharge lines, in 


which as the commutator are utilized the spark dischargers. 
COMMUTATION PROPERTIES OF SPARK DISCHARGERS. 


by experiments [61, 62] established that rate of breakdown of 
discharger at atmospheric pressure growsS/rises with increase in 
voltage/stress applied to electrodes. If the applied voltage/stress 
considerably exceeds breakdown (it occurs overvoltage), then the time 
of fundamental breakdown, i.e., the time of the commutation of 


gap/interval, can be less than one nanosecond. 


Valuable property of spark discharger consists in possibility of 
transmission by it very high currents. However, application in the 
discharger/gap of supplementary third electrode makes it possible to 


create the commutator, controlled by trigger pulse. 


However, spark discharger as commutator of pulse-shaping circuit 
of nanosecond duration has considerable deficiency. This deficiency 
consists in the large instability of the moment/torque of the 
fundamental prebreakdown of discharger/gap. Therefore the use of a 
spark discharger in the diagrams of the formation of periodic pulses 
is virtually excluded. However, with the formation of the single 


pulses of large power the dischargers/gaps find wide application. 


Time of commutation of spark discharger and duration of pulse 2 
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edge determined by it can be evaluated by expression [63, 64] 


tees 99 L 
it CU: “=e 


where k - constant, which depends on form and gas pressure in spark 


discharger; 


spark-gap length; 


voltage on discharger/gap; 


stray inductance of circuit; 


A ra 
i} 


load resistance/resistor. 
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If parasitic parameters of mounting are low, then duration of 
front is determined by properties of commutator, i.e., by parameters k 
and s, and also with value of voltage/stress. The greater the applied 
voltage/stress, and consequently, the greater the amplitude of 
formed/shaped pulses, the less the duration of front. However, in the 
real cases with the high value of voltage/stress U and the small 
gaps/intervals s value ;, does not depend on s and is determined by 
the time constant of the circuit, formed due to the parasitic 
parameters. This position occurs, when the duration of front 


approaches a value of order 10°*° s. 


Value of time lag of breakdown relative to moment/torque of 
arrival of igniting pulse or applied voltage/stress is important 
characteristic of discharger. In many instances during the 
investigations with the aid of the high-voltage pulses, obtained in 


the diagrams with the spark dischargers, to undesirably have long time 
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lag. 


Time of statistical time lag of breakdown succeeds in descending 
with work in mode of considerable overvoltage. Large overvoltage can 
be obtained in the special constructions/designs, so-called series 


spark gaps [65, 66]. 
SCHEMATICS OF DEVICES/EQUIPMENT WITH THE SPARK DISCHARGERS. 


Fig. 3.46a gives diagram of installation for formation of 
nanosecond pulses of high voltage, with the aid of which it is 
possible to obtain pulses of high voltage with duration of front of 


0.3 ns [67]. 


Forming cable L, is charged through resistor/resistance of R, 
from source with voltage/stress of E, equal to 20 kV. The center 
conductor of cable is connected with one of the electrodes of the 
starter gap, which consists of two sections. The first section by 
length { is formed by left and average/mean electrodes in the form of 
the spheres, placed accurately in the direction of center conductor. 
The second section with a length of //4 is formed by average/mean and 


right electrodes. 


Voltage/stress E, applied to first section of starter gap, is 


lower than breakdown voltage. 
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Therefore the breakdown of the first section begins only during the 
supplying to the average/mean electrode of the negative trigger pulse, 
as a result of which average/mean electrode is charged up to 
voltage/stress E. The second section, which has smaller length, 
proves to be under the voltage/stress, which exceeds breakdown voltage 
approximately 4 times, which leads to the rapid breakdown of this 


section. 


Pulse formed/shaped in starter gap enters cable L,. Duration of 
the edge of this pulse of approximately 20 ns. This duration is not 
connected with the properties of the second section of starter gap, it 
depends on the fact that in the beginning of breakdown the current in 
the first section cannot achieve the necessary value due to the high 
resistor/resistance of the trigger generator, on which falls the 
Significant part of the voltage/stress. After the breakdown of the 
second section the resistor/resistance of gap/interval is determined 
by the low value of the wave impedance of cables L, and L, and current 


reaches value 200 a. 


For peaking is used second discharger, so-called peaker, which is 


isolated from starter gap by cable L,. 
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Fig. 3.46. Oscillator circuit with spark dischargers (a); oscillogram 
of formation of edge of pulse (b). 
Key: (1).Meqehm (2). Mercury-vapor lamp. (3). kilohms. (4). 
Starting/launching. (5). kv. (6). Output. (7). starting/launching 
discharger/gap. (8). Peaker. (9). Pulse edge in starting/launching 


discharger/gap. (10). leading edge of pulse in peaker. (11). ns. 
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The pulse through the separating cable emergent in the starter gap 
proceeds to discharger/gap with the very short gap/interval, which 
proves to be under the voltage/stress, which considerably exceeds 
breakdown. Breakdown flows/occurs very rapidly, but on the time it 
delays relative to the moment/torque of the arrival of pulse. If time 
lag lasts more than 20 ns, then the flat initial part of the pulse, 
which enters the peaker, manages to pass (Fig. 3.46b) and then the 
edge of the pulse, formed/shaped in the peaker, is determined by the 


J 


rate of breakdown in it. For obtaining the necessary value of the 
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time lag of breakdown in the peaker the space is filled with nitrogen 
under the high pressure. For decreasing the time of commutation the 


length of gap/interval is small and equal to 0.025 mn. 


Formed/shaped pulses have amplitude of 10 kv for duration of 
front 0.3 ns. Since the time lag of breakdown is unstable, then it is 


difficult to ensure assigned delays of breakdown, equal to 20 ns. 


- Another oscillator circuit is free from some deficiencies in 
preceding/previous diagram. Generator has one discharger, whose space 
is filled with nitrogen under the high pressure. The peaking of the 
formed/shaped pulse occurs in the same gap/interval with the aid of 
the high-frequency corrective capacitor, connected to the electrodes 


of discharger/gap (Fig. 3.47). Here p - wave impedance of cables. 
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Fig. 3.47. Oscillator circuit with spark discharger (a); its 
equivalent diagram (b). 


Key: (1). Starting/launching. (2). Capacitor. (3). OUtput 
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If discharger/gap would be ignited instantly, then the voltage/stress, 
which enters the output cable, would be equally ,to and it caused the 
surge, which dropped with the time constant pC/2. If this time — 
constant of the order of the pulse rise-time in the discharger/gap 
without peaking circuit, then in the case of discharger/gap with 
peaking circuit it is possible to obtain steep-sided pulses without 
the distortions. After the selection of the value of the peaking 


capacity/capacitance and fine adjustment of length of both sections of 


Gischarger the diagram works reliably. 


Diagram of formation of nanosecond pulses of high voltage, which 
uses series spark gap [66], sufficiently simply is regulated and 
reliably works. Fig. 3.48 gives oscillator circuit with series spark 
gap and peaker. This diagram makes it possible to obtain large 
overvoltage on the discharger/gap which leads to the short duration of 
the pulse edge and the small delay of starting/launching. 


Discharger/gap is carried out in the form of coaxial system. From the 


ste Lietepe Cee lee Ytiee wewrm eT” 


3Y9 


DOC = 88076712 PAGE WL 


dc power supply 30 kV is charged the segment of cable L,. After 
functioning consecutive discharger p, in the line L, appears the pulse 
by the voltage/stress of 15 kV and by duration about 40 ns with a 
duration of the front of 5 ns. After the breakdown of the latter/last 


discharger/gap p, the current reaches 200 a. 


For shortening of duration of pulse edge is used corrective 
capacity/capacitance c,, switched on in parallel to line L,. Fig. 


3.48b gives the equivalent diagram of the discharge circuit. 


Let us record characteristic of commutation of discharger/gap in 


the form [66] 


-alt 
’ 


Rp == Ue 


where a - constant, and assuming/setting U=1, for change in 


voltage/stress with time we will obtain expression 





lat) == 
) : 2 ape, Yaa, 


[! — ! Tee Oe ii om AC: ec oT 
It follows from this expression that with increase in capacitance 


Cy, pulse edge decreases with constant amplitude. 
Page 212. 


However, with excessively high value C, is observed overcorrection of 
pulse, which is evinced by the appearance of an overshoot for its 
apex/vertex. When C,=1,4/ap the value of overshoot composes 5%. Since 


a-=2,2/t,, then the optimum value of capacitance c, will be value 


DOC = 88076712 
Cy = 0,63", 
p 


where {: - time of the commutation of discharger/gap. 
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Fig. 3.48. Oscillator circuit with series spark gap and peaker (a); 
equivalent schematic of discharge line (b). 
Key: (1). kv. (2). Starting/launching of oscillograph. (3).° 


Launching/starting. 
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With this value (¢, the duration of the pulse edge is determined by the 


expression 


With the aid of corrective capacitance succeed in obtaining 


duration of front of approximately 2.5 ns. 


For further decrease of duration of pulse edge is used peaking 
discharger/gap p,. The length of the gap/interval of this 


discharger/gap is selected by such that its breakdown would occur on 
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the upper part of the edge of the pulse (s,=3 mm entering). In this 
case occurs maximum overvoltage in the gap/interval and, therefore, 
the minimum time of commutation. The duration of the front of output 


pulse proves to be equal to approximately 0.6 ns. 


For formation of shear/section of pulse in diagram is provided 
special discharger/gap )-, built in chamber/camera of discharger/gap 
Po- The moments/torques of breakdown across gap p, and p, are 
synchronized by the special circuit, connected with the key/wrench o: 
launching/starting generator K,. The pulse duration is regulated by 
the length of the gap/interval of discharger/gap ). The cathode of 
discharger/gap pc is irradiated by ultraviolet rays from special 
gap/interval p,. The moment/torque of the breakdown of this 
gap/interval must be synchronized with the starting/launching of the 


coaxial commutator, which is ionized by spark in gap/interval ) 


All generators of high-voltage pulses examined are intended for 


formation of single pulses. 


Such generators are used during diverse physical investigations 
and during different tests [66]. Usually during the supplying of 
high-voltage nanosecond pulse on the object being investigated is 
realized the starting/launching of ecanning/sweep of the oscillograph, 
with the aid of which is observed the studied phenomenon. Therefore 
in the generators the output of the trigger pulse of oscillograph must | 


be provided. So in Fig. 3.48 is shown the output of this pulse, R« 
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removed from resistor/resistance 
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Pulse-shaping circuit with discharge line, noncritical to value 
of load (Fig. 3.13), it can be used also with construction of 
generators of nanosecond pulses of high voltage with spark 
dischargers. This diagram, used for the impulse shaping of 
microsecond duration in the installation with spark dischargers [68], 
proved to be very advisable with the work with the mismatched load or 
time-varying load. Besides noncriticality to the value of load this 
diagram and in the case of applying the spark dischargers makes it 
possible to obtain the pulses, whose duration easily is regulated in 
the considerable limits with the aid of a change in time difference 


between the moments/torques of the breakdown of two dischargers/gaps. 
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CHAPTER FOUR 


Impulse shaping from the shock electromagnetic waves, which are 


propagated in the lines of transmission. 


In contemporary physics and technology there is need for 
application of electric pulses of high voltage with duration on the 
order of 10-°’ s. Obtaining such pulses with the aid of the thyratron 
diagrams without their subsequent conversion is impossible, since the 
ionization time of high-voltage thyratrons is considerably more than 
one nanosecond. The application of diagrams with the 
accumulators/storage and the spark dischargers is possible only in 
obtaining of single pulses, because in the case of the formation of 
repetitive pulses is manifested the considerable instability of 
triggering time of spark discharger. The use of the simplest circuits 
with the nonlinear inductance contributes to the solution of this 


problem, but to the insufficient degree. 


Obtaining such pulses became possible with the aid of forming 
lines with nonlinear parameters. Initially by I. G. Katayey [69] was 
expressed the possibility of the formation of very steep edges in the 


current (voltage/stress) by the transmission of the pulse through the 
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artificial delay line with the nonlinear parameters, in which the 
delay time decreases with an increase in the instantaneous values of 


current and voltage/stress. 


Pulse edge at output of this line increases with considerably 


larger rate, than at input. 
Page 216. 


In contrast to many other methods of impulse shaping in this case with 
an increase in the amplitude of initial current taper (voltage/stress) 
the duration of front at the output decreases, what is the very 


valuable advantage of the method in question. 


Theoretical studies of physical phenomena, which lie at basis of 
this method of formation of steep edges in current, they showed 
possibility of presence of impact electromagnetic of will and 
explained mechanism of their formation in media and transmission lines 


with nonlinear parameters [70-77]. 


Phenomenon of impact of will in nonlinear media is known in 
hydrodynamics and gas dynamics. Thus, for instance, velocity of 
propagation of the sonic of will in the nonlinear media depends on 
sound intensity and shock acoustic waves are formed under specific 


conditions in this medium. 


Shock electromagnetic waves in nonlinear transmission lines with 
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ferrites, ferroelectrics and semiconductors made it possible to obtain 
drops/jumps in voltage/stress (current) with slope/transconductance to 
1027-10:* V/s, This, in turn, it made it possible with the aid of 
the subsequent conversion to form/shape pulses with the duration of 
less than the nanosecond with amplitudes of from tens of volts to tens 


of kilovolts. 


Are described below processes of formation of shock 
electromagnetic waves in transmission lines, methods of calculating 
such lines are given and methods of impulse shaping with the aid of 
devices/equipment, which use nonlinear lines, are examined. In this 
case primary attention is given to the forming lines with the ferrite, 
which found the widest use in the nanosecond technology, especially 


with the impulse shaping of considerable amplitude. 


4.1. Formation of shock electromagnetic waves in the nonlinear 


transmission lines. 


In nonlinear media during propagation of electromagnetic waves 
two mechanisms of formation of shock electromagnetic waves are 
observed in essence. These mechanisms, connected with the dependence 
of the rate of propagation of waves on their amplitude and with the 
phenomenon of the dissipation of energy at the wave front, can be 
under specific conditions examined separately. In connection with 
this let us first examine the case relative to a slow drop/jump in the 


J 


field. 
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Page 217. 
Formation of shock waves at the relatively low speed of field change. 


In the case of unbounded nonlinear nonconducting medium 
propagation of plane uniform linearly polarized electromagnetic waves 
E=E,(z, t), H=H,(2.9 is described by Maxwell's equations, which in this 
case are reduced to two differential equations in partial first-order 


derivatives [70] 


oH 1 B= BiH), 

(4.1) 
vE NOB pisE 

az c ot 


Case of space, filled with ferrite, where 
connection/communication between vectors of electric field D and E is 
taken by linear is here undertaken, and connection/communication 
between vectors of magnetic field B and H - nonlinear. For 
sufficiently slow quasi-statices process the value of induction B at 
any point of space is uniquely determined by the strength of field H 


at this point at the same moment of time. 


In the case of limited space, for example line of transmission, 
whose transverse sizes/dimensions are small, equations can be recorded 
in the form of two first-order equations (telegraph equations) [70, 


71] 
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be. se (4.2) 
dz ot 


where u(z, t) - voltage/stress between wires in section Z (two-wire 
circuit); 

i(z, t) - current in one of wires in the same section; 

Q - charge per unit of length of line; 

@ - electric flux per unit of length of line. 

For sufficiently slow processes flow @ is considered only 


function of current 


® = (i). (4.3) 


Page 218. 
Charge Q is linearly connected with the voltage/stress 


Q=Cu, (4.4) 


where C - capacitance per unit length of line. 


Equations (4.2) are suitable for case of heterogeneous and 
artificial lines, if values, entering these equations, are are 
replaced with their average/mean values, when temporary/time and 
three-dimensional/space scales i(z, t) and u(z, t) are much more than 
appropriate scales of separate component/link of line. 

Nonlinear equations (4.2)~ 4.4) in general case are not solved. 
However, are known their particular solutions for the case of the ) 


‘ so-called simple waves, when one of the unknown values is the 


359 


DOC = 88076713 PAGE = & 


single-valued function of another value. Assuming/setting u=u(i), it 


is possible to find 


a(VBa 8 


and then equations (4.2) will have solution recorded in the form [70, 


71) 


(4.6) 


zako(ii+Fl, 
t (4.7) 


i=F, G+ yrne ‘ 


where F and F,-- arbitrary functions, determined from the boundary and 
initial conditions, and L(i)=d@/di - inductance per unit of the length 


of line. 


Solution (4.6) takes form of traveling wave (simple wave). In 
simple wave each point of its front moves at a velocity, which depends 
on the value of current at this point. If inductance L(i) of line is 
monotonically decreasing function of the absolute value of current, 
then with the larger rate those points of the front, where the current 
is more, will be propagated. Consequently, in the case of the 
transmission of pulse: the steepness of its front along the line 
grows/rises, and the shear/section of pulse becomes flatter Fig. 4.1. 
Solution (4.7) assumes that at some moments of time the isolated 
points at the wave front "will pass" points with the smaller value of 
current. Solution (4.7) in this case becomes ambiguous (with t=t, in 


Fig. 4.1). 
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In actuality this is impossible and the ambiguity of solution (4.7) 
means that the solution became disruptive, moreover in this case gap 
is formed at the wave front. 

After formation of flow separation wave ceases to be simple - 
shock electromagnetic wave appears. Place and interrupting time is 
determined from solutions (4.6) and (4.7). The moment/torque of gap 
1* and coordinate the points of discontinuity are determined by the 


equations 
(4.8) 


(#)=0 (=> 
where z(i, t) takes form (4.6). 


If L(i) - nonmonotonic function, i.e., if magnetic permeability 
of ferrite u(H) - nonmonotonic (single-valued or ambiguous) function, 
then velocity of propagation of different points of pulse depends on 
state of ferrite at preceding/previous moments of time. In other 
words, the character of impulse shaping with its passage along the 
line will to a considerable degree depend on the selection of initial 
operating point in the curve of magnetization (Fig. 4.2) [71, 73]. By 
the figure the hysteresis loop is displaced to the right, since the 
reference point of coordinates is displaced to the constant value 
field of magnetic biasing. If the pulse amplitude is so considerable 
that field H takes the values more than value H,, then shock waves can 


arise both at the front and in the shear/section of launched pulse. 


Actually, steepnesses of pulse edge according to (4.6) and (4.7) 


Pe dp ef Pe Cae g ae ge ee ee ge pe ee a Se = ee 
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it grows/rises for its those sections, where for ferrite du/dH<O, and 


cutoff attenuation rate of pulse will increase, when du/dH>O. 
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Fig. 4.1. Strain of pulse during its propagation along line. 
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Consequently, at the pulse edge with the larger rate will be 
propagated points in which current more, and in the shear/section of 
pulse, on the contrary, more rapid will be propagated points with the 


smaller value of current. 


Thus, if we with the aid of constant magnetic biasing of ferrite 
fit such mode, during which in operating range of strength of field H 
dependence of magnetic permeability on field strength will have 
maximum, then it is possible to form wave with steep front and 


shear/section (Fig. 4.3). 


However, it is necessary to have in mind that phenomenon in 
question occurs until is retained quasi-static dependence B(H), which 
is characteristic for microsecond range of change in durations of 
front and shear/section of pulse, i.e., as long as rate of change in 
magnetic field H at front (shear/section) of wave does not exceed 


value of 107-10°*0e/s [76]. 
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Fig. 4.2. Dependence B(H) and u(H) for ferrite. 
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Fig. 4.3. Strain of pulse during propagation along line. 
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Mechanism of formation of shock electromagnetic waves due to 
phenomenon of “raid” of parts of front examined, which correspond to 
greater instantaneous values of current (voltage/stress), and, by 
such, by shape, increase in steepness of front occurs, also, in other 
media. The phenomenon of the formation of shock electromagnetic waves 
is observed, in particular, in the nonlinear transmission lines with 
the ferroelectrics and the semiconductors. Nonlinear element in the 


semiconductors is capacitance of p-n junction. 


Formation of shock electromagnetic waves at high rates of change in 


the field. 
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In the case of high rate of build-up (more than 10°'-10° Ge/s) of 
magnetic field with shaping of front is disrupted quasi-static 
dependence B(H) and need for considering dynamic process with magnetic 
reversal of ferrite appears. Large Paul begins to play magnetic 
viscosity of ferrite, which leads to energy losses at the front of 
wave (71, 72, 73]. Therefore with rapid changes in the magnetic field 
it is possible to speak about the dissipative mechanism of the 


formation of shock electromagnetic waves. 


Dissipation of energy at wave front to certain degree occurs, 
also, with shaping of shock wave due to mechanism of raid at those 
moments/torques, when steepness of front noticeably grows/rises. 
However, the phenomenon of the dissipation of energy in this case will 
not be fundamental. At high rates of change in the magnetic field the 


phenomenon of dissipation already plays essential role. 


In this case process of rapid magnetic reversal of ferrite is 
considered. The connection/communication between the vector 
magnetization of ferrite.M and the operating intensity/strength of 
magnetic field H,, is assigned by the equation of precession in the 
form of the equation of Landau and Lifschitz [70]: 


oM 


7=—T [MH] — 475 (M[MH,]], (4.9) 


a 
ve 
where 7 ~ absolute value of gyromagnetic ratio; or in the form, which 

considers viscous friction, i.e., in the form of the equation of ) 


Gilbert/Hilbert [70, 71]: 
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OM, a [ToM 
TIME] ~ 7 | = mM]. (4.10) 
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Here the coefficient of dissipation a and relaxation frequency \ are 


connected with the relationship/ratio 


\ 





a 
1 
ee iM 


i 


"9 


or with the low values a 


R 
x 
el 


In the case of transmission lines with toroidal or cylindrical 
ferrite cores process of magnetic reversal of ferrite at high rates of 
change in field is most correctly described by model of heterogeneous 
precession [73]. In this case the equation of relation takes form 


[70, 73] 


OM, __ 11M { M,, 
wigs ae tb (4.91) 
where Mm, - projection of vector magnetization on the direction of 
field of action H: . 
H=4ql, (4.11) 


where q-const. 


Electric flux per unit of length of line is equal to 
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where L, - linear inductance of line without ferrite; 


n - duty factor of line with ferrite (0<n<1). 


Using telegraph equations (4.2), and also by equation (4.9a) and 
by relationships/ratios (4.11) and (4.12), it is possible to find 


approximate solution of equations for nonlinear line [73]. 


Physical picture of formation of shock electromagnetic waves with 
rapid magnetic reversal of ferrite approximately can be represented as 


follows. 
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During the propagation of pulse along the nonlinear line in connection 
with the rapid magnetic reversal of ferrite occurs dissipation of 
energy at the front (energy losses to heating of ferrite with the 
magnetic reversal), whose relative value changes with a change in the 
current strength. In this case with the increase of the amplitude of 
current in proportion to the saturation of ferrite the relative energy 
losses decrease also they can already be absent at the pulse apex. As 
a result of this one part of the edge of pulse (in its foundation) as 
"is absorbed" more noticeably than another part (at the apex/vertex), 
and, thus, front becomes steeper/more abrupt. The picture of a change 
in the pulse during its transmission along the line is shown in Fig. 


4.4. 
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If duration of sector of the front, at which occurs magnetic 
reversal of ferrite, is short in comparison with duration of initial 
pulse edge, then this section can be considered as "gap", i.e., as 
shock wave, before front of which current i is equal to zero, and its 


ferrite is already completely saturated behind front. 


Beginning from certain time dissipation of energy at wave front 
it is kept constant, and form of front remains constant/invariable. 
In this case wave can be considered as stationary. The expressions, 


which describe stationary shock wave, which follow: 


i (6) ==i(v,f — 2), 
u (8) =u (0,f — 2), 


where «, - rate of shock wave, which is constant and determined by the 


values of field on both sides of gap. 


SY. 
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Fig. 4.4. Strain of wave front due to losses in ferrite during its 


propagation along line. 
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Dispersive mechanism of formation of shock electromagnetic waves 
is of essential interest for nanosecond pulse technique as phenomenon, 
with the aid of which it is possible in nonlinear forming lines to 


obtain very steep edges in current and voltage/stress. 


It is necessary to note value of initial intensity of 
Magnetization of ferrite with formation of shock wave front. Changing 
value and sign of the field of magnetic biasing, it is possible to 
affect, to the process of the formation of shcck wave, in particular, 


to change the duration of its front. 


In the case of propagation of strong shock wave (with which 
Hyaxe>Ho, M) duration of front of stationary shock wave ty is 


proportional to value of magnetic moment of ferrite M and it is ) 


aby 
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inversely proportional to amplitude of magnetic field Hya.. and to 


relaxation frequency of ferrite (to constant A) [70, 72]: 


es (4.13) 

Thus, the greater pulse amplitude at input of forming line, i.e., 
is the greater field Hyax. the less duration of front can be obtained 
at output of line. This property of the forming lines, which use a 
phenomenon of shock electromagnetic waves, is very valuable for the 
nanosecond technology. Usually with an increase in the pulse 
amplitude the duration of its front also increases with other methods 


of the formation of nanosecond pulses in the majority of the cases. 


4.2. Shock electromagnetic waves in the transmission lines with the 


lumped parameters. 


Since time, for which is formed/shaped in line shock wave, cannot 
be less than initial duration of pulse edge, then for this time 
considerable distance passes pulse to transmission line. For 
reduction in the strength of current and shortening of the overall 
dimensions of line it is expedient to utilize artificial transmission 
lines, for example, in the form of nonlinear delay line with the 
lumped parameters. The wave propagation velocity in such lines can be 
relatively small; therefore the formation of shock waves in the line 


with the small sizes/dimensions is provided. 


Page 225. 
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As the artificial delay line can be undertaken multilink chain/network 


with LC by components/links of the type of the constant k (Fig. 4.5). 


Here capacitance of C - constant value, and inductance is 
nonlinear and is carried out in the form of inductance coils on 
ferrite rings. This line possesses the dispersion, connected with the 
dependence of the parameters of separate components/links on the 
frequency (frequency dispersion) and with the periodic character of a 
change in the properties of system along the direction of propagation 


of pulse (spatial dispersion). 


Dispersion begins to be manifested, when during transmission of 
pulse steepness of its front grows/rises and it becomes sufficient 
large. If the slope/transconductance of launched pulse at the input 
of line is relatively small (dH/dt<10"0e/s) then dispersion in the 
line can be manifested even before will be destroyed assumption about 
the uniqueness of dependence $=$(i), i.e., the form of the usual 


static hysteresis loop of ferrite is disrupted before. 


But if steepness of front of input pulse is great, and 
consequently, required time constants of components/links of line are 
very low, then static curve of hysteresis loop no longer occurs and it 
is necessary in this case to consider switching time of ferrite. The 
analysis of processes in the nonlinear artificial transmission line is 


J 


various for these two cases. 
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Stationary shock electromagnetic waves in a line with the small 


steepness of the front of initial current taper. 


Processes, which occur in nonlinear discrete/digital line during 
transmission of pulse, are described by nonlinear 
differential-difference equations, whose general/common investigation 
is hindered/hampered. However, the stationary shock electromagnetic 


waves, which occur in this line [74], can be examined. 
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Fig. 4.5. Artificial delay line with inductance coils on ferrite 


cores. 
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The equivalent schematic of line is represented in Fig. 4.6a The 
equation of the circuit -in question takes following form [74]: 
§ ints — Qin bin) dt + CR (ing ~ Bin H inmy) + 
d 
fe CRa (Has, Poms 2b,4- ,—,) + 4 (Di4, = 2b, + ?,_,) — 


—c I 


where j,and », - respectively current and magnetic flux in the n 
component/link of line; 

C - capacitance of component/link; 

R - resistor/resistance. 

Since line uniform, then C,=C,Ra=R and m=" The 


investigation of the steady-state solution of the form 


ina, (1) == in (t+ Af) 
(where At - delay time of wave in one component/link of line) shows 


that formed/shaped current taper is the function, given in Fig. 4.6b. 


ence ete ec I I CC A A 
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Fig. 4.6a. Equivalent schematic of artificial delay line. 
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Fig. 4.6b. Oscillogram of shock wave front. 
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The current strength in the line increases exponentially in initial 
sectors of the front of shock wave, while in the subsequent sections 
oscillating it approaches steady~state value I. With the high 
attenuation instead of the oscillations there can be the aperiodic 
process of approaching the current to value I. If dependence @ and) 
is approximated by function (i)=fi—s , where B and 6 - constant 
positive coefficients, then it is possible to obtain approximations 
for the evaluation/estimate of initial sector of the front and 
frequency of oscillations [74]. Initial sector of the front, defined 
as the time interval, which corresponds to the values of current from 
0.1 I to 0.9 I, is rated/estimated with the aid of Formula [74] 


ty = 0,7 i 520,718 VCP Vt. (4.15) 
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Frequency of oscillations 


: VIC | 0 
l= Gyr l= poanV Cl (4,16) 


and amplitude of oscillations 


tls 


12R 1 
I, = [exp (=a) | . 
It follows from these formulas that with decrease of parameters 
of component/link of line (by decrease of value At) steepness of shock 


wave front and frequency of oscillations grow/rise. 


Thus, with relatively small steepness of front of current taper 
at output of line, when is valid static dependence #(i) of curve of 
magnetization of ferrite, significant role plays spatial dispersion of 
artificial transmission line. However, the time of the magnetic 
reversal of ferrite still sufficiently little and does not determine 


the duration of the front of formed/shaped current taper. 

Shock waves in a line with the considerable slope/transconductance of 
initial current taper. 
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For nanosecond pulse technique are of greatest interest shock 
electromagnetic waves, which are formed in line under influence of 


current pulses with large steepness of front, when rate of magnetic d 
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reversal of ferrite exceeds 10*-10° (e/s, 


In this case in examination of processes in line it is necessary 
to use dynamic equations of relation, which consider that value of 
vector magnetization M at certain moment of time is not determined, 
generally speaking, by intensity/strength of magnetic field H at this 
moment. In this case, when in the process of magnetic reversal is 
changed only the value (but not direction) of magnetic field, i.e., 
when ferrite it is not possible to consider saturated, the projection 


of vector M on direction H is satisfactorily described by equation 


{73, 75] 4.17) 
dmy a et 7 /, , -( * 
dita == 2 y| MJ — mig 
My . ° ° * 
where mu "Set Mu | - projection of vector magnetization on the 


direction of the magnetic field; 
a - coefficient of the dissipation of ferrite; 


y - absolute value of gyromagnetic ratio; 


H 
I= |: 


Magnetic flux is connected with current in this case with 


expression 


y= La (In + ame), (4.18) 


where n - duty factor of coil with ferrite. 


For determining stationary shock wave it is necessary to find 


a ey ene a eae Sen eg Pee ee ee ene ta 
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solution of differential equation of transmission line, obtained from 
equation (4.14), taking into account equations (4.17) and (4.18) [75]. 
Therefore the solution in the general case must give the dependence of 
shock wave front both on the parameters of ferrite (a, M) and state of 
its intensity of magnetization (m= Ht): and on the parameters of the 
component/link of line r,=/L,C(L, - the inductance of the 


component/link of line at the saturated ferrite). 


Let us give first solutions for case, when constant of 


component/link of line is very low 7r,~-0. 
Page 229. 


In this case the line is distributed, since its discreteness is not 
expressed. In the particular case the front of shock electromagnetic 
wave will be by pillar determined by the properties of ferrite [73] 


re sf funy), (4.19) 


fy 9 “(y 


where / LOE Ott, ¥ 
f (™) = ar [2203 -m,) - (1 - my) 1b O.4n, (4.20) 


Plotted function F=f(m,) is given in Fig. 4.7. 

With assigned current I minimum duration of front is determined 
by properties of ferrite. Decreasing the value of the ratio of 
remanence to the saturization magnetization of ferrite m,- a it is 
possible to decrease the duration of front. The duration of front 2 
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proves to be smallest in ferrites, which have a constant a=1. The 
coefficient a, which has value from 0.3 to 1, is measured 
experimentally and it can be calculated from the expression for the 
switching coefficient of ferrite S,., which is determined from Formula 
[73] 


S,-- ts } (n,) ( cer, (4.21) 


Qa 


Key: (1). Cee sec. 


! 
where Y = const = 1,76- 1092 een" 


Thus, function £(m,) determines dependence of rate of process of 
magnetic reversal on initial conditions. Actually, switching time 
will depend on the mobility of vector magnetization and on the angle, 
to which it must additionally turn itself in order to prove to be 
parallel to the affecting field H. Thus, in the ferrites with the 
right-angle hysteresis loop in the absence of the applied field of 
magnetic biasing value m, is close to one, since vector magnetization 
is already in the initial state little deflected from the direction, 
which it accepts upon the saturation of ferrite. With the high 
squareness ratio of hysteresis loop it is possible to consider value 
f(m,) of constant for all ferrites, which have right-angle hysteresis 
loop, which work in the presence of the zero magnetic biasing, and 


equal to 4.5. 
Page 230. 


But if ferrite with the flat hysteresis loop is utilized or magnetic 
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biasing is used, then value f(m,) can be determined from the 
graph/curve (Fig. 4.7). In the case of magnetic biasing, changing 
value m, (from -1 to +1), it is possible to change the duration of 


shock wave front + almost three times. 


"p2 
In actuality in line lumped parameters it is necessary to 
consider not only parameters of ferrite, but also with parameters of 
components/links of line (r, and 7). Already it cannot be considered 
that + < ty, since the duration of formed/shaped front {y2 and value +r, 
it is approximately equal with the high currents in the line (with the 


large steepness of the pulse edge). 


In this case solution of initial equations of line very 
complicatedly and can be realized either by grapho-analytic method or 
numerical calculation. Fig. 4.8 gives graph/curve eat (Rh constructed 
on the basis of the approximate equation, which occurs in the case of 


[75] in question: 


Weg Visd-(2yei =. 429 
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Fig. 4.7. Plotted function f(m,). 





Page 231. 
Here a , 
Dex dada; ae (1 — m*)x,; (4.23) 
—. Mtg, 
k == ‘eu (4.24) 
value «,—(0,4+0,33)/,, characterizes rise time of front; ©, - intensity 


of magnetization of the saturated ferrite. The parameter determines 


a J 


value r,, when straight line = (2,343) 7 interesects the curve f(k) 


(Fig. 4.8). 
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Fig. 4.8. Dependence  toftu=/(k). 
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Thus, with selected value r, from graphs/curves it is possible to 
find value of duration of pulse edge, formed in line. This duration 
is here the function of the value of field (qI), parameters of ferrite 


(J...) and parameters of line (r., 7). 


When duration of front, formed/shaped with line, becomes close to 
value 7., oscillation appears at apex/vertex of formed/shaped 
drop/jvmp. The period of these oscillations T approximately can be 


evaluated according to the expression 
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38) 
ya 


sin \t T V } +q)=" (4.25) 


For reduction in amplitude of oscillations it is possible 
consecutively/serially with capacitance of component/link of line to 
include resistor/resistance (Fig. 4.6). However, in the nanosecond 
range of durations this is difficult to carry out, without introducing 
the parasitic reactive/jet parameters. Therefore the duration of the 
formed/shaped front is actually limited to value 4. > (3+4)to. when the 


value of oscillation is still low. 


As already mentioned, for formation of stationary wave is 
required length of line, which ensures pulse delay, not less than 
duration of front of input pulse. If the length of line is small, 
then shock electromagnetic wave is formed not on entire current taper 
(Fig. 4.9a). At a certain optimum length of line shock wave is 
formed/shaped on entire current taper (Fig. 4.9b). The rate of the 
formation of shock wave is determined by the parameters of ferrite and 
components/links of line. The rate of formation is more, if ferrite 


has the larger value of magnetic moment j M ( and smaller value of m,. 
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a 


a} 


c) 


Cs + | 


Fig. 4.9. Oscillograms of pulse edge, formed/shaped in line: a) in 
the case of insufficient quantity of components/links of line: b) 
with optimum number of components/links; c) in the case of excessive 


quantity of components/links. 
Page 233. 


Optimum number of components/links of line can be determined 
according to formula [73] 
nie 8 = 5 om oe (20) 
Here ?¢,, and r, - respectively the duration of the front of the 
drop/jump at the input of line and the time ccnstant of component/link 


with the saturated ferrite. 


If number of components/links is great, i.e., line has 
excessively large length (n>/0.:), then current strength decreases due - 


to energy losses in process of passage of will along line, and this 


a 


2BB 


DOC = 88076713 PAGE “3X 


leads to increase in duration of shock wave front (Fig. 4.9c). In 
this case it is possible to indicate that the front of drop/jump is 


re-formed. 


For accelerating formation of shock wave front non-uniforms 
circuit with ferrite can be utilized. In this case the line is 
fulfilled in the form of components/links with different values of the 
parameters rt, (stepped line). The first components/links have high 
value t,, and the subsequent finer/smaller components/links have all 


decreasing values 1, . 


During propagation along line of formed shock wave it is possible 
to introduce concept of resistor/resistance of line to shock 


electromagnetic wave: 


‘ Welty ie ‘ 
Peas Sony [! ae aT -- m,)| : (4.27) 


With nM~0 resistor/resistance of line to shock wave passes into 
usual wave impedance of linear line of transmission p. The nonlinear 
forming line, in which is propagated shock wave, strictly speaking, 
can be coordinated with the load only on the resistor/resistance to 
shock wave. Therefore the same nonlinear line can be the best load. 
With the usual linear load nonlinear line will prove to be mismatched 
and the part of the energy of the end/lead of the line will be 
reflected and to be propagated to it they began. With the 


considerable porosity of the pulses supplied to the line the waves 
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reflected manage completely to damp during the period between them. 
Page 234. 


The presence of the echo pulses, just as the oscillations, which occur 
after the shear/section of pulse with its large 
Slope/transconductance, determines the magnetic state of ferrites, 
i.e., to the arrival of next pulse ferrite has the specific initial 
state. The presence of the damped oscillation in the period between 
the pulses can lead to the fact that a ferrite it will not have 


initial constant magnetic biasing. 


Described phenomena with formation of steep edges in current with 
the aid of nonlinear forming line on ferrites, and also given 
fundamental principles make it possible to express considerations 


about selection of ferrite for such lines. 


For evaluation/estimate of ferrite it is necessary to know 
saturation induction B, (M.=5t): remanent induction B, (M,4rx=8,) and 


coefficient of dissipation a. 


With a=1 duration of front ;,. and optimum number of 
components/links of line ton are minimum. The greater the saturation 
induction 8, (or m,), the less the optimum number of components/links 
of line. With decrease m=8,/B, the duration of formed front {»:2 and 
the wave impedance of nonlinear line in other constant parameters of 


ferrite and parameters of component/link, and also with the assigned 
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amplitude of current increase. However, with the the small m, the 
optimum number of components/links ‘on is less than with the the large 
m,, but the duration of front ts. changes insignificantly; therefore 


it is expedient to have values of m,20. 


Consequently, ferrites adequate/approaching for use in nonlinear 
forming lines it is possible to consider such, which have coefficient 
a~l1, high value of saturation flux density gp, and small remanent 
induction B, forming line can be heterogeneous, when at first line 
contains one type components/links, and at the end - another. In this 
case in the first components/links is desirable to use ferrites with 
the high B, and average value m,, while in the latter/last 
(fine/small) components/links to use ferrite with average value B., on 


with the squareness ratio, close to one. 


Enumerated characteristics of ferrite must be stable. 
Page 235. 


Otherwise with the formation of repetitive pulses with the large 
steepness of front, for example, for the signal generators or the very 
high speed oscillographs will appear the noticeable in the nanosecond 
range instability of functioning the corresponding diagrams. In 
connection with this the operating temperature of the forming 


nonlinear line has high value. 


If temperature of ferrite is close to Curie point, then 


ZYb 
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insignificant temperature fluctuations can cause instability of delay 
time of line, since in this case value of magnetic saturation of 


ferrite changes. 


Power, scattered in line in the form of heat, can be 
rated/estimated with the aid of Formula [78, 79] 


Py PF a +R, ) (om), (4.28) 


Key: (1). W. 


where F - pulse repetition rate, Hz; 
R - resistor/resistance of the wires of the inductance coils, 
ohms; 


p, ~ line characteristic with the saturated ferrite. 


First member of expression (4.28) determines power, spent on 
magnetic reversal of ferrite and then scattered in the form of heat, 


and second term - losses to Joule heat. 
4.3. Calculation of those forming lines with the ferrite filling. 


On the basis of expressions, given in preceding/previous 
paragraph, and description of phenomena, which occur in forming lines, 
filled with ferrite, it is possible to present order of calculation of 
such lines. Let us examine one of the possible versions of the 
calculation of the forming line with the ferrite, proposed by A. M. ») 
Belyantsev and Yu. K. Bogatyrev [80, 81]. * 


—— ae 


_— 
‘ 
a 


a 
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Initial values for calculating line are usually duration of front 
of current taper (or voltage/stress) ;,, at input of line and duration 
of front ts which is required to obtain at output, I - amplitude of 
current of input drop/jump, Rk, -- load resistance/resistor, brand and 
;mean diameter of ring and S - its 


section). Sometimes the parameters and the sizes/dimensions of 


sizes/dimensions of ferrite 


ferrite filling are already known, i.e., there are standard ferrite 


rings, for example, used in the electronic computers. 
Page 236. 


In other case the sizes/dimensions of rings must be calculated 
according to their obtained space. The usually following values are 
determined: 1 - time constant of component/link, p, - line 
characteristic with the ferrite magnetized before the saturation, q - 
number of turns per unit of the average/mean length of ferrite ring, 7 
- duty factor, m, - initial intensity of magnetization of ferrite, 

tour = Optimum number of componentsS/links of line; t, - delay time of 


line. 
Case of the relatively small steepness of the front of drop/jump. 


Let us examine first case, when duration of formed front is 


noticeably more than time constant of component/link +r,. Minimum 


‘value r,, in turn, is always limited by the finite dimensions of 


ferrite rings and by the parasitic parameters of the mounting of line. 
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In the case in question occurs inequality =,<02 t)2 The dispersive 
properties of line, connected with the discreteness of its structure, 
can be disregarded/neglected, in other words, considered under this 


condition that the artificial line is distributed-parameter line. 


A. Let us begin calculation for line on the assumption that 
sizes/dimensions of ferrite ring are not yet selected. Then order of 
calculation is the following. 


1. Let us determine time constant of cell +r from condition 
t= VLC, <9,2ty5, (4.29) 
where L, - inductance of component/link of line without ferrite, H; 


Co - capacitance of capacitor of component/link, 9. 


2. We find number of turns per unit of average/mean length of 


core 
(aa 
10 Sw 
Key: (1). “terns [em 
where S,- switching coefficient of ferrite, (e.s, [see (4.21)], 


whose value usually lies/rests within the limits (0.3-0.5) +10-‘ de.s, 
On the basis of expressions (4.20) and (4.21) it is possible 
approximately to record 


2 ye fon, Wn 5 
g 72 (9 + 8.10 ® eal la | (4.31) 3 
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Key: (1). -Auns/em 


3. Let us calculate space of doughnut coil, i.e., size/dimension 


of ferrite core (taking into account agreement of line with load &): 


eS es. gh (4.32) 


day? Fy 
Vir, 


where parameter k according to (4.24) is equal to 


— gl 
ALoq (i my? 


Here duty factor with the dense single-layer coil/winding of coil is 
close to one, and with a small quantity of turns 7=0.3-0.6. 

Approximately value n is rated/estimated with the aid of 
expression 


=< l, 2 3 
(2 BSED, (4.33) 


where-L, - inductance of neutral conductor (grounding/ground) ; 

Ly» 7 complete inductance of component/link of line; 

L, - inductance of supplying ends/leads of coil; 

L, - leakage inductance, in particular, if ferrite partially 
fills coil Ls =Li(S—Sp)/So; 

S, - cross-sectional area of coil. Since the sizes/dimensions of 
coil are not yet known, then value 7 is taken very approximately. 

4. Let us determine inductance of doughnut coil without ferrite 


core 
L,= 427¢?docySql0- : (EH, (4.34) 


Key: (1). H. 


where g,.. - the mean diameter of coil, cm; 
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S, ~ area of its cross section, cm?. 


Knowing inductance, with the aid of (4.33) it is possible to 
refine value 7. If disagreement proved to be more than 20-25% should 
be introduced correction and anew calculated the space of ferrite core 


(dep) : 











ST) 


DOC = 88076714 PAGE SA 


Page 238. 


5. We find capacitance of capacitor in component/link of line 


and line characteristic without ferrite: 


<2 a) 
C=T (I. (4.35) 
P= Bret. (4.36) 


Key: (1). £. (2). ohm. 


6. Let us calculate optimum number of components/links of line 


—_ pf 0,1g/ to 
font =k Se aM Sa = (4.37) 


7. Delay time of line let us determine according to expression 


Al,(i—m, 
1p =(1-41,3) oust, VW 1 + Ee = 
4” 
= (11,3) nonteY 1+ [Cen]. (4.38) 


Key: (1). s. 


8. We find line characteristic with ferrite 


p=pYi+e ow}. (4.39) 
Key: (1). ohm. 


B. Teper’ let us calculate line on the assumption that ferrite 


core is assigned, i.e., type and sizes/dimensions of ferrite ring are 


given. In this case the sequence of calculation is the following. 


a ee 


Se ee -_— 
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1. Let us determine number of turns per unit of average/mean 


length of ferrite core (4.31) 


4m toel cat 


qa OS 54+ By Soe) ish (a). 
Key: (1). turns/Gm | 


2. We find inductance of coil without core (4.34) 


Ly = 4B dyepSyq?l0-* (H], 


Key: (1). H. 


where d,-, and S, are approximately taken equal to d., and S, which are 


given for the ferrite; we rate/estimate duty factor 


= (by + La + + Ls) 


= La 


Page 239. 


3. Let us calculate time constant of component/link of line 


without ferrite 


ARPy Pde pS 40 
0 eT VIE (4.40) 


where parameter k according to (4.24) is equal to 


at O,lyg/ 
bo Min(t—a,)° 
The obtained value 7, must be not more than 02 ty. it is otherwise ) 


necessary to select another core (smaller size/dimension). 


ey MM 
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4. Let us determine capacitance of component/link and line 


characteristic without ferrite: 


5. We will obtain optimum number of components/links in line 


(4.37) 


Nour = kt yp, /%o- 


6. We find delay time of line (4.38) 


ALY — 12M 
ta= (I+ 1,3)a%, [1 SE Ae | leer 


Key: (1). s. 


and it is checked line characteristic with ferrite (4.39) 





In the case of ferrites with right-angle hysteresis loop another 
procedure of calculation [72] can be used. However, the method in 
this case examined is applicable. Here during calculations it is 
necessary to propose f(m,)=4.5 what is real for the majority of the 


ferrites, which have right-angle hysteresis loop. 


Example of calculation of forming line with ferrite. It is 
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necessary to design the forming line for obtaining for its output of 
current taper (voltage/stress), whose front must have a duration of 2 


ns in the absence of oscillations on the apex/vertex. 
Page 240. 


Initial current taper by value 10 a has a duration of front 40 ns. 


Line must be loaded to the resistor/resistance of 75 ohms. 


_Let there be ferrite rings of type VT-7 with outer diameter of 3 
mm. This ferrite has data u~=1, m=09. M,~170 and f(m,) it is possible 
to take as equal to 4.5. Ferrite ring with an outer diameter of 3 mm 


and an inside diameter of 2 mm has d.,=0,25 cm and S=10-? cm?. 


Since sizes/dimensions of ferrite are already given, then 
calculation must be conducted accordingly version, presented in 


section "B". 


1. We find number of turns per unit of average/mean length of 
coil q through formula (4.31) 
-8, d 
q=8 = 18 ‘sum|cx, 


Key: (1). turns/cm. 


then in all turns on the core 


N= qrdep = 18-3,14.0,25 = 14 Sum. 


Key: (1). turns. ) 


NR ae cep tases wee me ee ee 
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2. We find inductance of coil L, let us calculate from formula 


(4.34): 
L, = 40-0,25-10-*.3,95- 102. 10~* = 32,5-10-° “ty, 


Key: (1). H. 


Since core is tightly filled with turns, then it is possible to 


place duty factor with equal to 7=0.8. 


3. Let us determine parameter k according to formula (4.24) and 


time constant of component/link of line without ferrite (4.40): 


0,1-18-10 
k= 775-0,5:0,5 = 9,99. 


32,5 1 ~10 Y 
w= SV 1 75g =5,7-10-" cen. 
Key: (1). s. 


Since it proves to be that «,=0,2,, then calculation is continued. 


4. We find capacitance of component/link C, and line 
characteristic without ferrite p, through formulas (4.35) and (4.36): 


C, a — 45:10" 


ww 
= 375-1078 — 14 ay, 


32,5-10-° (2 
Pg = Pasa == 48,5 ou. 


Key: (1). pF. (2). ohm. 
Page 241. 


5. Let us determine number of components/links in line according 


to formula (4.37) 


hee yg Fr 


bana 


2 
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40-10- 4% 


tedel mh Soe ues ery 
= 30,59 oo igris == bo, 


6. Delay time of line t, we will obtain according to formula 
(4.38) 


: 3 
f,= 1,2-33:6,7- 10-1 L wai = 43 hen. 


Key: (1). ns. 


7. It is checked value of line characteristic with ferrite 


according to formula (4.39) 


p 2 43,5-W1 eee z 73,2 Ou. 
Key: (1). ohm. 


Case of the large steepness of front. 


When duration of formed front is approximately equal to smallest 
possible time constant of component/link +r, it is necessary to 
consider discrete/digital structure of line. This case occurs with 
shaping of the drop/jump with the minimum duration of front, i.e., 
with its maximum slope/transconductance. If the switch time of 
ferrite makes it possible to obtain the required steepness of front, 
it is necessary to select the time constant of the component/link r, 
of minimum. For this it is necessary to take ferrite rings with the 
minimal sizes, and the mounting of line must be carried out with the 


) 


smallest parasitic parameters. In these cases it is possible to 
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obtain the smallest constant value of time 7,, which proves to be 


order 0.1 ns. 


In this case calculation of line can be conducted as follows 
[81]. First with the aid of the curve of Fig. 4.10b we select the 
constant value of the time of component/link 7,, on the basis of the 

of front at output of line t», and of permissible nonuniformity of 
assigned to Gur et ton eper/Verrex (value of oscillations) of shaped 
pulse, characterized by relation “=, where /yacc 7 amplitude of 


oscillations. 
Page 242. 


The duty factor 7 of coil with ferrite is selected tentatively and we 
more precisely formulate subsequently. We further determine the 
dimensionless parameter ¢ 

0 = 4eMeq pin (! — my) t= 2 Maa (l — my) X 


x f (m,) (4.41) 


and the value of relation +,/t,, where +, =: ty,/2,5-+ f9,/3. 


Then with the aid of curves +«j/c,—/(k) (Fig. 4.8) we find 
parameter k, which corresponds to point of intersection with straight 
line <«,/t,=const with dependence +,/t,—/(k), constructed for this value @. 
Knowing k, it is possible to determine then a quantity of turns per 


unit of the average/mean length of the coil 


Men(t—m,)e (um 
q= Meal — mb ren (4.42) 


cm 


Key: (1) ° tuens/am : 
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We further determine sizes/dimensions of core (coil) and 


inductance of coil according to formulas (4.32) and (4.34) 


t Ru 10? 
depS = Gn? J [c.#*}, 
Vite 


L,= 4n%q¢do,S10-* [24]. 





Key: (1). H. 


Bn tm 
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Fig. 4.10. Dependences Ah = (R) (a) and to/~=9(im/l) (b). 


Page 243. 


Then, as during calculation of line, given for case of "A" of 


this paragraph, we find following values: 





Ci. = 7 
Po~= > 
=o 
Nont =k, 
*o 
fy = 2onr® I+ 1/k 
P=? 1 1/k. 


Period of available on apex/vertex oscillations of oscillations 


can be found from expression (4.25). Fig. 4.10a gives graph/curve 
7,/T=f£(k), with the aid of which can be found period of oscillations T 
from the already known 7, and k. Fig. 4.10b gives graph/curve 


lyg/to=F (Umanc/!), where Jyaxc- - Maximum amplitude of oscillation. 


Let us examine calculation of forming line when type and 


sizes/dimensions of ferrite ring are already assigned. In this case 


enema 


2400 


DOC = 88076714 PAGE “Te 


it is first necessary to assign an exemplary/approximate quantity of 
turns per unit of the average/mean length of coil, on the basis of the 
formula 


10 Sw 
an toal : 


g=15 
and to further determine the inductance of coil L, according to 
formula (4.34). On the basis of the sizes/dimensions of core and 
number of turns of coil N=gnd,», we are assigned by value yn and find 
parameter k 


ahs O.lq/ 
= Min (t—m,) * 


Then we determine parameter 


A= 4nM ni ae (l= my ). 


In assigned duration of front of drop/jump on output of line we 


find 
ty 1y,/3. 


Page 244. 


It is further necessary to fit constant value of time of 
component/link r,. For this, using graph/curve «,+,—/(*) and straight 
line +,/t,= const (Fig. 4.8), we find this value of the parameter =Ar,, 
in which straight/direct +/*, const and curved graph/curve <,/z,—~/(k) 


they will be crossed at the point, which corresponds to value of k 


Tw - 


ET AE cee St a Bag Fee np ee TE ea Ne os, ee eg po eg 
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obtained earlier. The matching condition of line with the load 
L,/% =: Ry (1 4 1/kyo'? 
is checked after this, 


‘€hen according to formulas given above are determined values 


Co Por Nout and t,. 


Let us examine example of calculation of line, intended for 
obtaining on its output of current taper with large steepness of 
front, when duration of front 1t,, is commensurate with time constant 


of component/link r,. 


Assume drop/jump in voltage/stress with front with duration of 
0.4 ns is required to obtain 50 ohms on load. The nonuniformity of 
apex/vertex must not exceed 10%, i.@., Juuc//=0,1. &t the input current 
taper is assigned by value 30 a for the duration of front 4,,=15 ns. 


A ferrite core of the type F-600 has m,=0,57, M,=280 G, S,=3.10:7 Oe*sec. 


1. Through curve of Fig. 4.10b we find time constant 


r=1.3- 10°" s. 


2. Assuming/setting 7#0.8, we determine according to (4.41) 


parameter 


9 =. 6,28-280-0,8-5-(1 -- 0,32). S10" = 2.1. 


3. We obtain value of relation «,/:,. where += 1,,/2,5 
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t  1,3-107%-2,5 
fee DEM = 0,82, 
4. With the aid of curves of Fig. 4.8 on ® and 1,/r, we find 


k=0.65. 


5. We determine number of turns per unit of average/mean length 
of coil according to formula (4.42) 


g -= 2H020.8-0,43-0,65 gy Saum 


yao 2d ES, 
Key: (1). tuens] em 
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6. We design size/dimension of core 
deyS a A ae 1a" 1 ait Ae ae, 055 cw, 
whence it follows that it is possible to take standard core with mean 


diameter of ring /., 6...” Then the number of turns in the coil 


wo ogerdey  24-314-0,6 = 4 Gum, 
Key: (1). ¢urns/Cm 


7. We further determine values /,, C,. 9.9, Mun, f5 according to 


formulas, given above: 40.4,4.0,6-0,04-10-*- 40.10" Se 


. 17-107 78 
Co yates 
4,.2-10-8 
Po yr o> i 


L 


“0 


“39, 


é Gage | en vel ~ (3) 
p- 32-W1 sg 52 0,5 =. R,--50 oat 


= Vielace we (4) 
Nowe = 65+. -=75 38CHbCB, 


13-1078 


f,- 150-1,3-10-9.1,58 30 Seer. 


DOC = 88076714 PAGE 


Key: (1). H. (2). pF. (3). ohm. (4). components/links. (5). 


ns. 


8. Period of oscillations at apex/vertex is determined on curve 


Fig. 4.10a and by already found r, and k; we find T=4.3-10-?* s. 
4.4. COAXIAL FORMING LINE WITH THE FERRITE FILLING. < 


If we conduct calculations for different types of ferrites, then | 
it follows of them that in forming lines in the form of multilink 
artificial line it is possible to form/shape current tapers from ones 
to thousands of amperes. In this case the duration of the front of 
the’ formed drop/jump can be from the units of nanoseconds to 0.1 ns. 
Further decrease of the duration of front is hindered/hampered due to 


the discrete/digital properties of this line. 


Drops/jumps in voltage/stress (current) with large steepness of 
front in the absence of oscillations on apex/vertex can be obtained in 


distributed forming lines. 
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Construction/design of coaxial line with ferrite filling is most 
advisable construction/design. Fig. 4.11 gives diagrammatic , 
representation of the coaxial forming line with the ferrite filling. 


Are here ferrite rings arranged/located on the center conductor. The 


yoy 
DOC = 88076714 PAGE “N 
external surface of rings is isolated by dielectric (teflon, 
polyethylene) from the external cylindrical conductor (copper 
braid/cover of the type of the external braid/cover of coaxial 


cables). 


Since standard ferrite rings encompass only one center conductor 
with current I, then for creation of necessary value of field H high 
current, which reaches hundred amperes, is required. Furthermore, in 
contrast to the artificial forming lines the geometric length of 
coaxial line proves to be very considerable (from several meters to 


several ten meters). 


Since between rings of ferrite is air gap, then ionization of air 
is created with high voltages and to insulation of line considerable 
voltage/stress proves to be applied that it is possible to lead to 
breakdown of line. Therefore the actual limitation of the maximum 
steepness of the front of the formed/shaped drop/jump in the 

_voltage/stress (current) can begin not due to the properties of 
ferrite, the switching time of which decreases with an increase in 
magnetic field H, but due to the disturbance/breakdown of dielectric 
strength of system. Therefore coaxial line sometimes is immersed in 


the container with the transformer oil. 
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Fig. 4.11. Diagrammatic representation of construction/design of 
coaxial forming line with filling from ferrite rings. 


Key: (1). Polyethylene. (2). Conductor. (3). Ferrite. 
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Duration of front of drop/jump, formed/shaped in coaxial line 


with thin layer of ferrite, in essence will be determined by magnetic 


field strength, created by initial current taper, and by relaxation 


properties of ferrite [78]. This duration can be evaluated with the 


aid of expression (4.19): 


1 +4? ; 
fy, = “Say HT f (nt). 





Therefore during calculation of coaxial forming line first 
according to assigned duration of front ‘2: and current I it is 


expedient to determine sizes/dimensions of ferrite ring [80] 





d+d,= 0,813 = 08/4! a fm), (4.43) 


where d, and d, - outside and inside diameters of ferrite ring. 


Considering that value a for most adequate/approaching ferrites 


a A nett ~~, 





Db 
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lies/rests within limits of 0.3-1, it is possible to record 


= —~ 107 fue! 
d,+d,= (0,9~ 1,4)-10 ia [cm]. 


Knowing sizes/dimensions of ring (d, and d.), we determine 


diameter of external wire 


d,=d,+2h fox, 


where h - thickness of the layer of insulation between ferrite and 
external conductor of line, which is found from condition of 


dielectric strength of dielectric 


~ TR« 
Az E {e.s¢], 


where £,-- voltage of dielectric breakdown. 
Page 248. 


Matching condition of forming line with load is determined by 


expression 
R _ 
Pyzsl (P—-m,) (did) 0.27 


seu 


d, dy la Ad 
[tose (ein being], 4s) 





where e, and e, - respectively relative dielectric constant of 
insulating layer and ferrite; 4 - duty factor, which characterizes 


leakage flux, whose value is approximately equal to 


mw fem 
a ad, 





tg ree een 
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If left side of equality (4.44) differs from right not more than 
by 10-15%, then with accuracy sufficient for practice matching 
condition of line with load is considered carried out. In the case of 
large disagreement it is necessary to assign to new values d, and d,, 


when equality (4.43) remains valid and to again conduct calculations. 


After ensuring equality (4.44), we determine length of forming 


line 
l —_ Oe fs ~ 
myM (1 —my)(d, + da) VLE , (4.45) 


where L and C - respectively inductance and capacitance of coaxial 
line per unit of lengths in the absence of ferrite, which are 
connected with dependence 


/2 


_! — 


dy da: 
3: w(* In a, e,1n ‘ale 
Le Veven” Ind, «, 


Calculations show that for impulse shaping of voltage/stress with 
amplitude of 5 kV (on load of 50 ohms) and duration of front of about 
1 ns with initial current taper I=100 a with duration of front of 50 
ns line with rings of ferrite of type #-1000 has length of 


approximately 10 m [79]. 


Low permissible repetition frequency of formed/shaped pulses is 
deficiency in all forming lines with ferrite (to 100 kHz). At the 
high repetition frequency in the ferrite is isolated the considerable 


heat, which raises its temperature, which deranges of line. 
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Table 4.1 gives averaged parameters of ferrites: HW, - coercive 
force, 8, ~ remanent induction, relation m= 2, M, - Magnetic moment 
of saturation, s, - switching coefficient, 7, - values of Curie points 


[82]. 
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4.5. SPECIFIC CHARACTER OF OBTAINING SHOCK ELECTROMAGNETIC WAVES IN 
THE LINES WITH THE FERROELECTRICS AND THE SEMICONDUCTORS. 


It was above noted that mechanism of formation of shock 
electromagnetic waves in lines with ferrite filling was valid and in 
the case of formation of shock waves in lines with ferroelectrics and 


semiconductors. 


In the case of forming lines with ferrite it is possible to 
obtain drops/jumps in voltacre/stress with steep front and considerable 
amplitude on low-resistance load. Obtaining steep edges in the 
voltage/stress on the high-impedance load proves to be possible with 
the aid of the shock electromagnetic waves, which are formed in the 


lines with the ferroelectrics. 
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Table 4.1. 
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Fig. 4.12. Artificial delay line on capacitors with ferroelectric. 
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Here as forming line is utilized artificial delay line, which 
consists of components/links, which contain coil of constant 
inductance L and nonlinear capacitance €(u), in the form of capacitors 
with ferroelectric (Fig. 4.12). The dependence of capacitance value 
of these capacitors from the voltage/stress is connected with the fact 
that the dielectric constant of ferroelectric is the function of 


electric intensity e=f(E) (such capacitors are called variconds). 


During transmission of wave along this line its propagation 
velocity grows/rises with increase in wave amplitude, since value of 


dielectric constant falls from increase in modulus/module of strength 


10 
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of field E. Therefore just as in the line with the ferrite, during 
the propagation of pulse along the line with the ferroelectric the 
Steepness of the pulse edge grows/rises also under specific conditions 


can arise shock wave. 


Steepness of edge of formed/shaped pulse is limited both due to 
finite time of relaxation processes in ferroelectric (finite time of 
switching) and due to dispersive properties of multilink transmission 


line, i.e., due to finite value of time constant 1r,. 


Relaxation time for some ferroelectrics proves to be order of 
nanosecond with strength of field E of approximately hundred of 
kilovolts to centimeter. This fact impedes the application of lines 
with the ferroelectrics for the formation of nanosecond pulses. With 
the work with very high voltage usually the breakdown in the line 
begins earlier than it is possible to form the pulse edge by the 
duration of the order of nanosecond. However, location line into the 
container with the transformer oil at a high hydrostatic pressure 
complicates the construction/design of system. However, under the 
usual conditions it is possible to obtain drops/jumps in the 
voltage/stress with the front by duration into several nanoseconds. 
The permissible pulse repetition rate in this line reaches tens of 


kilohertz. 


Application of forming lines with semiconductors is more 


promising. This line is fulfilled in the form of the artificial delay 


J 
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line, which consists of the components/links with the constant 
inductance L and a nonlinear capacitance of C(u) in the form of 


semiconductor diodes (Fig. 4.13) [83]. 
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It is known that in transition layers of semiconductors static 
differential capacitance changes with change in vaios of applied 
external voltage. Therefore in each component/link of line is 
included/switched on semiconductor diode with the expressed nonlinear 
capacitance (such diodes are occasionally referred to as varicaps). 
The existing at present semiconductor diodes with the noticeable 
nonlinear capacitance make it possible to obtain in the line shock 
electromagnetic waves with a duration of front of approximately one 
nanosecond with the voltage/stress of the transmitted pulses in all 
into 10-30V. In the case of applying the semiconductor materials 
with the appropriate admixtures/impurities is possible obtaining the 
diodes, which make it possible to form/shape in the line shock waves 
with the front with duration into the hundredths of nanosecond. Lines 
with the semiconductors make it possible to transmit pulses with the 
repetition frequency to 10 MHz (but in the lines with the ferrite 


approximately to 100 kHz). 


If we compare method of formation of steep edges in current and 
voltage/stress with the aid of shock electromagnetic waves with other 
known methods (in diagrams with vacuum lamps, thyratrons and in 


simplest circuits with nonlinear parameters), then it is possible to 


ST ee Ee ny me 
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note that with the aid of shock waves are obtained drops/jumps with 
slope/transconductance, greater approximately to two orders, than with 


other methods. 


4.6. METHODS OF OBTAINING THE PULSES FROM STEEP EDGES IN THE CURRENT 
AND VOLTAGE/STRESS. 


After obtaining with the aid of nonlinear line steep edges in 
current (voltage/stress), it is possible then by usual methods to form 
pulse with very steep front and shear/section. The minimum duration 
of this pulse (at level 0.5 of amplitude) proves to be equal to the 


duration of shock wave front. 


femme cum 
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Fig. 4.13. Artificial delay line on semiconductors. 
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Since duration of drop/jump, obtained at output of nonlinear 
line, is always final, but its apex/vertex is not flat/plane, but it 
is characterized by certain decay, then it is necessary to examine ' 
drop/jump in voltage/stress in the form of pulse, whose form is 


depicted in Fig. 4.14a. 


As it was already examined in Ehapter 3, for formation of 
nanosecond pulse with very steep front it is possible to accumulate 
two comparatively prolonged steep-sided pulses, but with 
voltages/stresses of different polarity (Fig. 4.14b). for obtaining 
the pulse with the form, close to the rectangular, it is necessary to 
utilize a small initial part of launched pulses. Then decay in the 
apex/vertex of shaped pulse is very small, i.e. nee B 

For formation of nanosecond steep-sided pulse and by 
shear/section it is possible to utilize short-circuited section of 


coaxial line. Then one nonlinear line, which creates drop/jump with 


the steep front, is required. 
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Fig. 4.14. Oscillograms of waves with impulse shaping from shock 
electromagnetic waves: a) pulse from one line; b) pulses from two 


lines; c) resulting pulse. 
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In the case of two identical nonlinear lines the required pulse can be 
obtained by addition on the total load of two steep edges, mixed in 
the time relative to each other to the duration of formed/shaped pulse 
fy. In the second case it is possible to form the pulse of any 


polarity. 
Application of line with the short-circuited section. 

In the case of use for impulse shaping of short-circuited section 
of line T-shaped coupling of coaxial lines of transmission is used 


(tee). In this case it is necessary to fit the wave impedance of its 


separate sections (Fig. 4.15). Let the shock wave enter arm A, whose ) 





tL: 
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wave impedance ¢,. Arm B is the short-circuited section with a 
resistor/resistance of p,, arm B - output section of tee, its wave 
impedance ,. Tt is necessary so to fit the wave impedance of sections 
so that the wave reflected from the short circuit would compensate 
wave in section B, i.e. 


Pa Px 
Pit ey” 





oe = 


On input of section A drop/jump in voltage/stress is supplied 
from load of nonlinear forming line (for example, artificial line from 
L, C of components/links). This load, coordinated with the wave 
impedance to nonlinear line with the ferrite, can be the wave 
impedance of section A. In another version very section A of tee can 


it is the nonlinear coaxial forming line, filled with ferrite. 


see ete eee Her. oe 
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Fig. 4.15. Forming line in the form of coaxial tee. 


Key: (1). input. (2). output. 
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Then, if pulse duration at input of tee (in section A) is more 
than doubled electrical length of short-circuited section /,. then at 
output of section B is formed/shaped pulse with duration ;,. durations 
of front and shear/section of which are equal to duration of shock 


wave front. 


Since input pulse has certain decay in apex/vertex, then small 
overshoot will appear after superposition in section B after 
shear/section of obtained pulse, since amplitudes of straight line and 
reflected of pulses are somewhat different. During the guarantee of 

AU 


condition >=; <1! the amplitude of this overshoot is very small. The 


amplitude of output pulse is determined by the expression 


e 
; Usux = Vox = / d+ P,,/P4)s 


where U,, - pulse amplitude at the input of section A. 
It is necessary to have in mind that at point O of tee appears 
wave reflected, which is propagated in direction of input of tee. 


This wave, after proving to be in the nonlinear forming line, can y 


“§ 
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affect the value of the initial magnetic state of ferrite. 


Application of two nonlinear forming lines. 


It is sometimes necessary to obtain pulse of any polarity and 
continuously adjustable duration. In these cases it is expedient to 
utilize two nonlinear forming lines, in which are formed identical 
stationary shock waves. The pulse of different polarity from both 
lines comes the total load. Pulse initial for both nonlinear lines 
can be undertaken from one generator (Fig. 4.16), to which the lines 


are connected in parallel. 


a a ed 
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Fig. 4.16. Pulse-shaping circuit with the aid of two coaxial lines 


with ferrite filling. 
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In this case one of the line (for example, the coaxial line, 
convoluted into the spiral) is connected so that the pulse from its 
output has polarity opposite to the pulse, obtained from another line 


(Fig. 4.16). 


Necessary in time shift/shear of pulses at outputs of nonlinear 
lines can be achieved/reached either via delay of launched pulse 
before it it will enter input of one of nonlinear lines or via 


constant magnetic biasing of ferrite, which fills line. 


Delay time per unit of length of line with ferrite can be 


determined according to formula 


log = VW BorbeCr (4.46) 


where icp - average/mean magnetic permeability of ferrite, which is 


changed under different initial conditions of its intensity of 


magnetization. 
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Due to direct current of magnetic biasing changes value s., and, 
therefore, delay time t,,. Depending on the length of line, using 
standard ferrite rings with the right-angle hysteresis loop, it is 
possible to change delay within considerable limits. Thus, in the 
coaxial line with the length of 20 m delay can smoothly change to the 


value to 100 ns. 


However, application of magnetic biasing of ferrite can be reason 
for certain instability of temporary situation of front of one 
drop/jump relative to another, which will cause temporary/time 
instability of pulse. “the position of initial operating point on the 
hysteresis loop of ferrite can fluctuate, and consequently, will 
fluctuate and the moment/torque of the formation of shock wave, and 


also to a certain extent and the steepness of its front. 


Pulse-shaping circuit with two lines is generally to larger 
degree subjected to unstable in operating time, than diagram with 
short-circuited section. The fact is that the magnetic modes of 
ferrites in two lines can be at the separate moments of time somewhat 
different. As a result appears the fluctuation of the moment of 
operation (formation of the wave front) of diagram at front and 
shear/section of pulse. Instability in the case of applying the 
coaxial forming lines, which work with the high currents, which lead 
to an increase in the temperature of ferrite, is especially 


noticeable. 


a 
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In all pulse-shaping circuits use of nonlinear lines it is 
necessary to consider with possibility of onset of waves in 
insufficiently matched sections of transmission lines reflected. 
Multiple traversal of the echo pulses along the nonlinear line, 
especially with their considerable amplitude, noticeably changes the 
initial magnetic state of ferrite, i.e., changes the time of its delay 
and increases the probability of the unstable work of the entire 
diagram of formation. Therefore to the quality of the agreement of 


nonlinear line it is necessary to focus proper attention. 
Oscillator circuits with the nonlinear forming lines. 


Fig. 4.17 gives one of possible schematics of construction of 
generator of nanosecond pulses with nonlinear forming line on ferrites 
[9]. Diagram contains start-up stages L,, L,, circuits for internal 
and external synchronization, the cascade/stage of the formation of 
initial current difference L,. (on thyratron TGI1-35/3), the forming 


line with the ferrite, and dual coaxial tee. 


Start-up stages shape trigger pulse of thyratron diagram. The 
steepness of front and the amplitude of trigger pulse must be 
sufficient for guaranteeing the stable starting/launching of 
thyratron. With the triggering/opening of thyratron reservoir 
capacitor C, charged/loaded to the voltage/stress 3 kV, is discharged 


through the thyratron and the circuit, which contains the forming line} 


42] 
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on the ferrites. The value of current pulse can be regulated with the 


aid of resistor/resistance of R,. 


Current pulse of discharge with initial duration of front of 
about 12 ns with passage along nonlinear forming line causes in it 
formation of shock wave, duration of front of which 0.8-1 ns 


(depending on strength of current of launched pulse). 


Nonlinear line is carried out in the form of artificial delay 
line with constant capacitance of component/link, equal to 15 pF. 
Inductance coils are wound on the ferrite rings of the type VT-6 with 


an outside diameter of 1 mm. The number of turns of coil is equal to 


12. 
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Fig. 4.17. Oscillator circuit of nanosecond pulses with nonlinear 
forming line. 


Key: (1). kV. (2). Output of synchronizing pulses. (3). Output. 
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Line contains 50 components/links. Line characteristic with the 
ferrite equally to 75 ohms. On termination of line is formed voltage 
difference with an amplitude of 1-1.6 kV (depending on the strength of 
current of launched pulse) and the steepness of the front 


10??-2.5°107? V/s. 


With maximum current in forming line output drop/jump has at 


apex/vertex oscillation, which is about 15% of amplitude of drop/jump. 
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With reduction in current it is possible to decrease oscillation to 
the insignificant value. For decreasing the parasitic parameters of 
the components/links of its forming line they fulfill the form of 
brass (silver-plated) plate with the cylindrical openings/apertures 
and the thin gashes on the edges (Fig. 4.18). Cylindrical rods are 
placed in the openings/apertures, and between these rods and bore 
surfaces runs dielectric film made from polytetrafluoroethylene or 
polyethylene with a thickness of 0.1-0.2 mm. Cylindrical capacitors 
for the components/links of line are thus formed. Between each of the 
capacitors (distance between centers of which i§ 5 mm) coils are 
arranged/located on the ferrite rings. The length of the ends/leads 
of the coils, soldered to the rods of capacitors, is not more than 2 
-mm. This construction/design makes it possible to obtain the time 
constant rt, of component/link without ferrite (or with the saturated 
ferrite) on the order of 0.1-0.2 ns. Coaxial pairs are assembled at 
the ends/leads of the line or coaxial cable is installed. With the 
work with the increased voltage/stress the line can be placed into the 


container with the transformer oil. 


Voltage difference from forming line on ferrites enters through 


coaxial cable to coaxial tee. 
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Fig. 4.18. Form of partially mounted forming line with ferrite VT-6. 
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In the case of using only one tee with short-circuited stub it is 
possible to form the pulse of the desired duration (not less than the 
duration of shock wave front) by changing the length of loop. If it 
is necessary to form the pulse, whose duration is less than the 
duration of shock wave front, then it is necessary to use two tees. 
The electrical length of the loop of the first tee must be less than 
half of the duration of shock wave front ty. But the electrical length 
of the second loop must be still less. Using two tees, it is possible 
in this diagram to obtain a bell-shaped pulse with a duration of 0.2- 
0.3-ns (at the level of 0.5 amplitude values) with the amplitude 


200-300 V. 


For guaranteeing stable starting/launching of other diagrams or 
high-speed/high-velocity oscillograph, with the aid of which is 
observed obtained pulse, in generator is provided output of 
synchronizing pulse. This pulse is removed/taken from the winding of 
the ferrite ring, within which will pass the wire, which passes 
current pulse from the thyratron diagram to the nonlinear forming 


line. In this way removed the effect of the possible instability of 


) 
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functioning thyratron. Delay time of the forming line 25 ns. The 
Stability of functioning the forming line (stability of delay time) is 


not worse than 0.01 ns [9]. 


Fig. 4.19 gives oscillator circuit, high-voltage nanosecond 


pulses, in which are used two nonlinear coaxial forming lines [72]. 


sane WA tN 
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Fig. 4.19. Oscillator circuit with two nonlinear forming lines. 


Key: (1). output. 
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Here initial current pulse is formed/shaped with the thyratron 
diagram, noncritical to the value of load, with two coaxial charge 
lines /, and /,. With the triggering/opening of thyratron as a result 
of the discharge of lines /, and /, to the input of the forming 
coaxial lines with the ferrite filling /, and 7, enters initial 
current taper. The nonlinear forming line /, (convoluted into the 


spiral) is simultaneously coaxial phase inverter. 


At output of lines /, and /, are added two voltage gradients of 
different polarity. As a result of what on termination (cable /, with 
the matched load) is formed/shaped the voltage pulse with the steep 
front and the shear/section. The delay time of one of the lines is 
selected less to value 4, and shock wave from the output of this line 
enters the load earlier. The part of the current of this wave will be 


isolated on the load, while part will pass into the second line, 
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forming in the latter the shock wave, which is propagated towards the 
shock wave of the second line. In the second line the addition of 
these waves occurs. As a result through the time interval 4 after 
pulse arrival on the load from the first line enters the pulse, also, 
from the second line of the same, the value, but the opposite 
polarity. The appearance of a pulse from the second line causes the 
formation of the shear/section of the output pulse, removed from the 


load. 


For obtaining initial current taper application of diagram of 
formation, noncritical to value load (described in Chapter 3) provides 
the necessary agreement of the forming lines with the thyratron 
diagram. The wave impedance of the forming lines /, and /, in the 
absence of the intensity of magnetization of ferrite p, is selected 
equal to the wave impedance of the charge lines /, and /, of thyratron 
diagram. Therefore all waves reflected, which appear at the 
ends/leads of the forming lines in load, are passed into the charge 


lines and they are further extinguished by matched impedances R,=p,. 


Continuously variable control of duration of output pulse is 
achieved by change in delay time of forming lines. For changing the 
delay time, the circuit of magnetic biasing is provided. The current 


of magnetic biasing from potentiometer R comes the input of lines. 
Page 261. 


The strength of current of the magnetic biasing of ferrites of one 
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line relative to current in another is changed by a change in the 
position of the wiper of potentiometer R to one side or the other. As 
a result change the delays of lines, and consequently, the pulse 


duration and its polarity on termination can be changed. 


Coaxial forming line is filled with ferrite rings of type VT-6 
with outside diameter of 1 mm. In each line a difference in the 
voltage of 5 kV for a duration of 1 ns is formed/shaped. The length 
of each line is 25 m. Changing the strength of current of magnetic 
biasing (from 0.5 to 1.4a), it is possible to ensure a change in the 
delay of line to +50 ns. The duration of output pulse (at level 0.5 
of amplitude) is regulated in the limits of 1-100 ns. Permissible 
pulse repetition rate to 1 kHz. The stability of the temporary 


situation of pulse is not worse than the tenths of nanosecond. 
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Chapter Five. 
PULSING IN RC-CIRCUITS WITH FEEDBACK. 
Formation of steep edges in voltage/stress is one of central 


problems of pulse technique. For the solution of this problem in the 


pulse technique of microsecond range are used relaxation oscillators: 


Mk 


multivibrators, start-up circuits, blocking oscillators and other 
devices/equipment, which are positive-feedback circuits. In such 
diagrams two different electrical modes or two different states of 
equilibrium occur. Transition/junction from one state to another, 
caused by external forces or action of internal reasons, is completed 
in them so/such rapidly, that in the vibration theory these 
transitions/junctions were called jumps, and oscillations themselves - 


relaxation oscillations [84]. 


Concept of relaxation oscillations in connection with relaxation 
oscillators (subsequently those briefly called relaxation 
oscillators), fruitfully utilized in vibration theory, cannot be 
accepted in nanosecond pulse technique, since it does not answer most 
important for it question about transit time of relaxation oscillator 
from one state of equilibrium into another. In order to determine 
this time, called switch time, it is necessary to consider the effect 
of the low parameters of circuit of relaxation oscillator - stray 


capacitances, and sometimes also stray inductances, i.e. to consider 


4230 
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the effect of precisely those elements, which does not take into 


consideration the disruptive vibration theory. 
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It is natural that account of effect of low parameters 
substantially complicates determination of switch time of relaxation 
oscillators, and therefore for simplification in problem they assume 
that into switchings relaxation oscillator is linear amplifier, 
included by positive feedback. The account of the nonlinear 
properties of the tube of relaxation oscillator in the process of its 
switching does not give any new qualitative results; moreover, 
virtually the results of this investigation are depreciated by the 


unavoidable spread of the parameters of tubes and parts [2, 85-87]. 


These facts served as reason for fact that nonlinear by their 
nature pulse generators in nanosecond pulse technique are considered 
as piecewise~linear systems, i.e., systems, whose phase space consists 
of several fields; in each of such fields behavior of system it is 
described by linear equations. The problem of the formation of pulse 
oscillations in the nanosecond pulse technique is actually the problem 
of conversion. After considering that the relaxation oscillator is 
piecewise-linear system, it can consider the process of the formation 
of pulse oscillation as the totality of the iinear transformations, 
completed above the input oscillation in the separate regions of phase 


space. 








3/ 
DOC = 88076715 PAGE 


These conversions are linear integral transforms. The integral 
character of conversions is caused by the limitedness of the passband 
of the devices/equipment, which realize a conversion. Specifically, 
the limitation of the passband of linear system is the reason for the 
final duration of the process of the transition/junction of relaxation 
oscillator from one state to another. Because of this the 
avalanche-like process of switching relaxation oscillator is completed 
although sufficiently rapidly, not instantly. Since from the point of 
view of nanosecond pulse technique in the work of relaxation 
oscillator there is greatest interest in the precisely avalanche-like 
process of transition/junction from one state of equilibrium to 
another, it is expedient to begin the examination of the work of 


relaxation oscillator precisely from this question. 


Page 264. 
5.1. AVALANCHE-LIKE PROCESSES IN RELAXATION OSCILLATORS. 


Let us define operator of conversion as linear integral operator 


t 
Au, (t)= ju (¢—§) dK (8), 


where A - symbol of operator; 
u(t) - converted oscillation; 


K(t) - transient response of converter. 


In contrast to generally accepted fold of Riemann, fold of 


Stieltjes is here used. The application of Stieltjes' integral frees 


oe aterm tnd eae, h 
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function K(t) from the need for being differentiated, which is very 
valuable when K(t) is discontinuous function. Another advantage of 
the fold of Stieltjes is the fact that it does not require the 
introduction of special conversion diagram - pulse transient function, 


being limited only to transient response. 


Linearized relaxation oscillator is quadrupole with feedback, at 
input of which operates converted oscillation u,(t), and at output - 
converted oscillation u(t), as shown in Fig. 5.1. Voltage/stress u(t) 
is removed/taken from the output terminals and again is supplied to 


the input for the conversion. 


Fig. 5.1 depicts consecutive application of voltage of feedback 
into input circuit of relaxation oscillator. In practice together 
with series circuit widely is used the parallel diagram of supply. It 
is easy to show that the parallel diagram of supply can be brought to 
the consecutive. For this purpose let us turn to Fig. 5.2. Fig. 5.2a 
depicts the parallel diagram of supply to feedback into input circuit, 
while in Fig. 5.2b - the equivalent diagram of input circuit. Here 
8 - emf of the source of the converted oscillation; p, - its internal 
resistor/resistance; 6c ~- equivalent emf. of K-circuit; R,. - its 


output resistance; Rx. - input resistance of K-circuit. 


tre em Deke eee 
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Fig. 5.1. Block diagram of relaxation oscillator with consecutive 
feedback. 


Key: (1). K-circuit. 
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Since R=cieeuit is nonautonomous quadrupole, then its equivalent emf 
is caused by the action of voltage/stress on its input. In steady 
state of emf it is equal to the product of voltage on the input of 
K-circuit on its transmission factor. 

Let us determine voltage/stress, which operates at input of 
K-circuit. This voltage/stress is equal to the sum of the currents, 
developed by electromotive forces é, and 8, in resistor/resistance 
Ryo» Multiplied by the value of this resistor/resistance. After 
producing the necessary computations, let us find that the voltage on 


the input of K-circuit will be determined as follows; 


Upx = 28, + PBe, 
where 
Gast OE nd, Nee N= os 
TT RRR Ry + RiR KW : RRi + ReRyg + RiRgo 


Let uS designate u,—a,, n= (8x. 
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Value u, is voltage/stress, which operates at input of K-circuit 
and developed by sour’.e 6, and u - voltage/stress of feedback, which 


operates in the same section. 


Resulting voltage on input of K-circuit 


yx (t) =U (t) +4), (5.1) 


where for parallel diagram u,(t) and u(t) they are defined in the 
manner that it was indicated earlier, and for consecutive - these 
voltages/stresses present converted oscillation and output 


oscillation. 
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Fig 5.2. Block diagram of relaxation oscillator with parallel 
feedback (a) and equivalent diagram of input circuit (b). 


Key: (1). K-circuit. 
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On the basis of expression (5.1) via simple translation the parallel 
diagram of application of voltage it is possible to lead to the 


consecutive. 


Let us designate through K(t) transient response of K-circuit, 


then 


‘t 
u(t)= { sx (t — §) dK (8). (5.2) 


0 


Output voltage/stress is to roll of voltage/stress, which 
operates at input of K-circuit and transient response. Substituting 
(5.2) and (5.1), we obtain the integral equation of Volterra of the 
2nd order: 


t 
uss (t)—fuar¢—)dKO=44(), (5.3) 


0 


solution of which let us record in the form of the series/row of 
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Neumann-Liouville: 


Uyx o=3 Un, (t), 
asl 


where t . 
un -r(0) = (uy (¢ — 8) dK "@) 
a 


there is the oscillation, which completed (n-1)-th circulation on 
internal circuit of relaxation oscillator, and ki"-"l(é) - iterated 


transient response of K-circuit: 
K\(t)=K (t), 


t 
Kl"- Nt) = [Kin-") (t —&) dK (6). 
3 


Subsequently we will write/record expression for transient 
response of K-circuit of relaxation oscillator in the form 
K(t)=K,M(t), where K, - maximum value, and M(t) - 
standardized/normalized transient response, swing M(t)=1. In this 


case 
Kin—(t) == K™MI"“H(t), 
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Solution of integral equation can be also represented in the form 


t 
Usxl) = § a, (t—') al’, ®, (5.4) 
Q 


where {' (4. - resolvent [6], which let us record as 
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Pr, (Q= y Kt M(t). (5.5) 
a=l 


Assuming/setting in (5.4) u,(t)#1(t), we obtain, that resolvent 
of integral equation is transient response of relaxation oscillator, 
in reference to its input, i.e. voltage/stress, which appears at input 
of relaxation oscillator in the case, when from without is supplied 


single voltage gradient: 


Anih=¥ K2 MU" (f). (5.6) 


n=l 


As it follows from this expression, voltage on input of 
relaxation oscillator is composed from infinite number of components. 
First of them is a single voltage gradient, supplied to the input of 
relaxation oscillator [when n=1 M"(t)=1(], and all subsequent are 
recurrent voltage/stress. In turn, recurrent voltage/stress consists 


of the infinite number of iterated transient responses of K-circuit. 


It is known from theory of integral equations that series/row 
(5.6) converges regularly on t, if derivative M'(t) is final [88]. 
Let uS assume that swing K,M'(t)=y, then. for the iterated transient 
responses of K-circuit we will have the following 


evaluations/estimates: 
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Uu 
t 
Ky M1 (ys fae (t-—§) M’ () pee, 


t 
Ke Mb < fate (¢—&) M' (®) dé <i. 


u 
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These inequalities mean that iterated transient responses of 
K-circuit of relaxation oscillator not with what n and t will exceed 


in their change in value (v/)"/n! 


Let us name/call expressions, which are in right side of 
inequality, maximum iterated transient responses of K-circuit and will 


designate them through <x, (1), then 


K,()= a 


Let us determine, with what values of effective time lag of 
oscillation 4,, maximum transient responses reach single, level, for 


which let us solve equation 


(vta,,)" — 1 


nt ‘ 


whence we will obtain 


lon Va. 


Let us assume that v=10° Hz. (As it will be shown further, 


v=-< there is a quality of tube in the diagram). Then the time, 


: ) 
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spent by the iterated transient response for achievement of single 
level, is 1.00 ns for n=1; 1.41 ns - for n=2; 1.82 ns - for n=3; 2.21 


ns - for n=4: 2.63 ns - for n=5 and so forth. 


Maximum iterated transient responses reach single level faster, 


the lower index of iteration. 


A 
As it follows of aforesaid earlier, K,(t) is transient response 
A 
of K-circuit of relaxation oscillator, K,(t) - transient response of 
A 
two series-connected K-circuits, K,(t) - transient response of three 


series-connected circuits, etc. 
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Value 14,, shows, to what period delays pulse right-angled oscillation 
with passage of one, two, three and more than once on K-circuit of 
relaxation oscillator. The greater the number of circulations 
oscillation completed, the later it reaches fixed level, in particular 


Single level. 


Effective time lag of oscillation, which passes to K-circuit, is 
caused by fact that reaction rate of K-circuit to effect of form of 
unit function is final on condition. The presence of this time lag is 
explained, why the sum of the infinite number of iterated transient 
responses of K-circuit, which generates the transient response of 
relaxation oscillator, in reference to its input circuit, is finite. 


Each subsequent component of voltage on the input of relaxation 
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oscillator appears somewhat later than preceding/previous; in this 
case at the initial moments of time the intensity of components with 
the large numbers immeasurably lower than intensity of components with 


the small numbers. 


Obviously, this fact has vital importance during solution of 
question about rate of increase of transient response of relaxation 
oscillator and time of its switching. “fhe greater the time of 
effective time lag, the more slowly the grid voltage of tube increases 


and the greater the switch time. 


Let us introduce maximum transient response of relaxation 
oscillator 


a oo a 
Aax M=¥ K, ((). 


a=t 


After substituting into this expression value X,,(4), we will 


obtain 


Ax (t) =e". (5.7) 


Maximum transient response of relaxation oscillator, in reference 
to circuit of grid (5.7), makes following sense. This characteristic 
shows, how there can be the maximum value of grid voltage of the first 
tube of relaxation oscillator at any moment of time during the 
supplying to its input of a single voltage gradient in the linear 


system, the maximum speed of the reaction of internal circuit of which — 


BO ee ee eee ee ee ee Oe Se Py Ee a My OT RG TE eC ee ae 
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is limited by value p. 
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No real transient response of relaxation oscillator can increase more 


rapidly than maximum transient response. 


As is known, process of transition/junction cf relaxation 
oscillator from one state of equilibrium into another is 
avalanche-like [36]. Equation (5.7) expresses the maximum law of 
avalanche-like process. It is easy to see that in the limiting case 
in question the function and all its derivatives at any moment of time 
have identical sign. The process, described by function ex in the 
natural science is called the process of organic increase/growth. The 
process of organic increase/growth - this is such process, during 
which rate of change in any value is proportional to the most changing 
value. At the initial. moments of the time, when the changing vate as 
low, its change is completed with the low speed; with an increase in 
the changing value grows/rises the rate, with which occurs this 
increase. This property of the processes of organic increase/growth 
has vital importance for the evaluation of the role of avalanche-like 
process in the formation of the front of the pulse oscillations, 


developed by relaxation oscillators. 


Absolute value of voltage/stress, attained up to any moment of 
time on grid of tube of relaxation oscillatcr, depends on value of 


very moment of time and on value of quality of tube vy. In the last 


eee 
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decade the quality of tubes increased in all several times, whereas 
the duration of operating pulses decreased to more than thousands of 
times. After considering that value yt, (where t, - time, during 
which actively it is utilized avalanche-like process) for the 
relaxation oscillators of nanosecond range 1000 times less than for 
the relaxation oscillators of microsecond range, we will obtain that 
in the microsecond range the effectiveness of the use of an avalanche- 
like process is e*°°® times more than in the nanosecond pulse 
technique. In the majority of the schematics of microsecond pulse 
generators the time, occupied by avalanche-like process, is so/such 
small, that it can be disregarded/neglected in comparison with the 
time of the charge of output capacitance, which determines the 
duration of the pulse edge. In other words, in many diagrams of 
microsecond range the switch time of current in the tube can be 


considered equal to zero. 
Page 271. 


In the diagrams of nanosecond range in view of the low effectiveness 
of avalanche-like process the switch time of relaxation oscillators is 
relatively more in the sense of its portion in entire time of shaping 


of the pulse edge. 


In nanosecond relaxation oscillators use of avalanche- like 
processes is very frequently ineffective, and therefore in many 
instances for obtaining steep-sided pulses are used diagrams, in which 


avalanche-like processes are absent, for example amplifier-limiters 
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“> 
DOC = 88076715 PAGE 


and recirculators. In order to determine the role of avalanche-like 
processes in the diagrams of nanosecond relaxation oscillators, let us 
produce the following calculations. 

We will call relaxation oscillator I those relaxation 
oscillators, whose transient response takes form -’, and by relaxation 
oscillator II relaxation oscillators, which have unlimited transient 
response, for example characteristic of form ch yt. It is obvious 
that with any ;e’>chvi. Then we record 


WPenaxcatop | @Penakcatop II 
Ag (t) =e" Asx (t)=ch ve. 


Key: (1). Relaxation oscillator .... 


Under actual conditions input voltage cannot take form of unit 
function. In the first approximation, it is possible to consider that 


the voltage on the input changes according to the linear law 


uy (t) =a. 


In this case voltage on input of K-circuit taking into account 


action of feedback will be located with the aid of fold 


t 
tps (1) = [uel — 9) dAnal. 


Substituting in this expression of value for u,(t) and 4,,(t) and 


producing necessary computations, we obtain 
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sx (t)=—(e"—1) | wax ()—=—shvt. (5.8): 
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In order to rate/estimate gain, attained due to introduction to 


positive feedback, we will use value 


asx (f) 
9 (t) —— Us (O ’ 





which can be represented in the form 


es 9, (x)=, 





9, (x)= 


where x=vt ~- dimensionless time. 


Plotted function (x) is given in Fig. 5.3. Its examination 
makes it possible to draw a number of conclusions relative to the 
effectiveness of avalanche-like processes in the relaxation 


oscillators, which work in the nanosecond range. 


It is obvious that application of positive feedback is little 
effective, if given by it gain in value of voltage on input of 


relaxation oscillator comprises less than 50%. 
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Fig. 5.3. Plotted function (x). 
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(Let us note that with this increase in the grid voltage of tube the 
gain in the decrease of the duration of the pulse edge at the output 
will be considerably smaller percentage). For relaxation oscillator 
to this I section of curve corresponds xs0.85. Let us accept value v 
of the equal to 10° Hz. Then to the value x indicated will correspond 
time t,<0.85 ns. This time can be named the time lag of feedback in 


the relaxation oscillator. 


Gain, attained in increase in grid voltage of tube of relaxation 


oscillator at fixed/recorded t, is defined by value », which is, as it 


2 ce cee nl ce 


At (o 
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was already said to re, by quality of tube in diagram of relaxation 
oscillator. With v=10° Hz and t=1 ns in an increase in the grid 
voltage for relaxation oscillator I will be 1.7, and at t=1 us this 
gain reaches e’’*. The character of the process of organic 
increase/growth in the nanosecond and microsecond ranges is this 


greatly distinguished. 
5.2. SWITCHING TIME OF RELAXATION OSCILLATORS. 


Let us turn now directly to determination of switch time of 
relaxation oscillators. By switch time of relaxation oscillator is 
understood the time, during which the relaxation oscillator passes of 
one state of electrical equilibrium into another, for example from the 
state, when tube is completely opened and through it flows current I,, 
to the state, when tube is closed and the current through it is equal 
to zero. ‘Let uS assume that the drop/jump between the states 
indicated is realized when grid voltage of the first tube of 
relaxation oscillator changes to value E,, called subsequently the 
solution/opening of grid characteristic. If in the diagram of 
relaxation oscillator feedback was absent, then during the supplying 
to its input of linearly increasing voltage/stress switch time would 
be equal to t, (Fig. 5.4). Under such conditions work, in particular, 
limiters. In the presence of feedback and caused by it avalanche-like 
increase of grid voltage of the first tube of relaxation oscillator, 
the switch time decreases to value f,. The essential shortening of 


switch time, attained due to the introduction to feedback, served as 


y 
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ni 


the reason for the wide use of such diagrams in the pulse technique of 


microsecond range. 
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Switch time can be found from relationship/ratio 


yx (tn) = E,. 


After using formulas (5.8), let us find that 


MPenakcatop I ©Peaaxcatop II 


ty => In(1+v4,) y= —- Arsh vt,, 


Key: (1). Relaxation oscillator. 


where 


there is the time, during which the linearly increasing voltage/stress 
changes to value E,. Let us rewrite the second formula in the more 


convenient for the calculations form. As is known, 
Arsh x =In(x+/1+%'), 
on the basis of what 
t= — In[vt, + / 1-4) - 


Let’ us introduce value 


showing the ratio of the switch time of relaxation oscillator to time 


In (.¥, + I+x2 
platy ge 
e ¢ 


where X,=vt,. 
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Fig. 5.4. Determination of switch time of relaxation oscillator. 
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Fig. 5.5 depicts plotted functions 6(x,) for relaxation 
oscillators I and II. They show, as decreases the switch time of 
relaxation oscillator as a result of the introduction to positive 
feedback. Assuming/setting v=econst, it is possible to consider that 
along the axis of abscissas is plotted time t,. In particular, in 


v=10° Hz to point x,=1 correspond t,=1 ns. 


Graphs/curves show that effective decrease of switch time tn 
occurs only if time t, is sufficiently great. However, gain in the 
switch time, attained due to the introduction to feedback, is small 
for the majority of the diagrams of nanosecond range of sizes. (This 
concerns only the latter/last cascodes of the diagrams, where to the 


conversion are subject the pulses of nanosecond duration). 
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Fig. 5.5. Dependence of relative switch time ;, of relaxation 


oscillator on value t,., which characterizes quality of tube. 
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It is possible to establish on the basis of given earlier (in 
Fig. 5.3) graph/curve that with positive feedback in a circuit made 
! with a tube with v=10’ Hz, grid voltage of tube of relaxation 
oscillator I inepekses up to moment of time t=3 ns 6 times. The 
graph/curve, given in Fig. 5.5, shows that the switch time in this 
case decreases a little larger than twice in comparison with the case, 


when feedback is absent. 
5.3. DURATION OF PULSE EDGES AT OUTPUT OF RELAXATION OSCILLATORS. 


Switch time of relaxation oscillator does not determine 


completely duration of pulse edge at its output. It determines only 


DOC = 88076716 PAGE “KR | 
the duration of the front of current, which takes place through the 
tube. However, as far as the duration of the front of voltage/stress 
on the load is concerned, it depends substantially on the properties 


of output circuit. 


Let us assume that output circuit of relaxation oscillator is 
integrating component/link as this shown in Fig. 5.6a. The same 
figure depicts the equivalent diagram of output circuit. In order to 


find output potential of relaxation oscillator, we will use the fold 


t 
()=—K, faux (t—) dK. (5.9) 
0 


RE Pe cares. 
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Fig. 5.6. Output circuit of relaxation oscillator (a) and its 


equivalent diagram (b). 
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Here transient response of output circuit 


t 
K,()=l—e *, (5.10) 


and 1t=C)R, - time constant of integrating circuit, where R, - 
resistor/resistance of plate load, and C, - stray capacitance, which 
shunts load. Factor of amplification of K-circuit A,=SR, (S  - mutual 


conductance of tube at the operating point). 


For determining u(t) there is no need for using exact expression 
for mw ,(f): it necessarily only for computing switch time. Further 
examination of process can be produced, assuming that the voltage on 
the input of relaxation oscillator changes according to the law, shown 
in Fig. 5.7. Analytically this law can be expressed as follows: 


tins (1) = S2 OStSti), 


(5.11) 


tgs (Van Ae tBu) (E> tn: 
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Latter/last expression indicates also that 


Uax (1) =— E,. 
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Fig. 5.7. Approximation of grid voltage of relaxation oscillator. 
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Substituting (5.11) and (5.10) in (5.9), we obtain after 


computation 
bent 


u(t) = Usare Ee i, | (OM1<1,), (5.12a) 


t 





th 


t 
/ fn soy 
i (t) = Unare f ee a ((>1n), (5.126) 


e 


where amplitude of temporary voltage on anode of tube 


Unaxe = KoEo. 


It follows from written expressions that up to moment/torque of 
end of process of switching output potential of relaxation oscillator 


attains value 


Xn 


u (0) =Uwane es =] , 
where 
tn 


x, 


< , 
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and at t-= it approaches U,jic. 


Graphs/curves of anode voltage are given on Fig. 5.8 for two 


cases: x,=0 and xn=!. 


456 
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Fig. 5.8. Form of output potential of relaxation oscillator with 





different values of parameter 
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In the first case the value of the switch time of relaxation 
oscillator is negligible in comparison with the time constant of 
output circuit. Output potential in this case increases according to 


the law 


coh 
u (i Ueisiell —e * }; 


reaching 90% of its steady-state value for the duration of front 
fy =2,3s. In the second case the switch time is equal to constant equal 
to the time constant of output circuit and output potential is 


described by formulas (5.12), in which one should assume el, 





AS 
a 
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Duration of front t of output voltage/stress can be found from 
condition 


_/e 
Unane : = = (ons I)e . =0,9U yaxe, 


whence 


tu tu 
te=e(In 10+") —0(23-4 In), 


First term in this formula is rise time of output potential of 
relaxation oscillator in the case, when switch time it is equal to 
zero, and second term - elongation of front due to finite time of 
Switching. When x,=0 we have (¢,=2,31, while when x,=1 we obtain 


to =2,8r. 


Fig. 5.9 gives dependence of relation “© on x,, with the aid of 
which it is possible to determine duration of front of output pulses 
with known values ;, and 7. Graph/curve shows that the conventional 
approximation formula for the duration of the edges of pulses 1,=2,3s 
(89] is valid only when switch time is small in comparison with the 


time constant of output circuit. 


In preceding/previous section it was established that presence of 
positive feedback in relaxation oscillator of I with quality tube 10’ 
Hz decreases switch time of relaxation oscillator approximately two 


times (namely, 2.15 times). 
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Let the time constant of output circuit r be equal to the switch time 
of diagram with the extended feedback loop, i.e. is equal to t,. The 
duration of the pulse edge in this case, as soon as which was 
established, it composes 2.8 r. If due to the introduction to 
positive feedback switch time decreased 2.15 times, then this will 
lead to the fact that the duration of front decreases to 2.5 r, i.e., 
it will be lowered only by 11%. This gain will be still less at a 
larger value of the ratio of the time constant of output circuit to 
the switch time. The given numerals show that the action of feedback 
in the nanosecond range little effective, which more narrowly was 
discussed above. Therefore in the final stages of the conversion of 
the pulses, in which the,pulse duration is short they usually place 


not. relaxation oscillators, but amplifier-limiters. 


Presence of positive feedback in final stages of Seakets of 
pulses is undesirably also for following reasons. During the 
amplification of very narrow pulses in such diagrams the time lag of 
the voltage/stress, which enters from the feedback loop the grid of 
relaxation oscillator, is observed. The pulse, which arrives from the 
feedback loop, proves to be somewhat displaced with respect to the 
pulse, which entered the input of relaxation oscillator for the 


conversion. 
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Fig. 5.9. Dependence of relativity of duration of front from 


parameter +n- 
Page 281. 


As a result of this bias/displacement the resulting pulse on the grid 
of tube seemingly is expanded, what is negative moment/torque in the 


device/equipment, intended for pulse shortening. 


All these deficiencies in positive-feedback circuits are greater, 
the shorter the duration of converted pulses. Therefore similar 
diagrams should be considered little promising for the work in the 


range of very narrow pulses. 
5.4. CONSECUTIVE PEAKING IN RELAXATION OSCILLATOR CIRCUITS. 
Shaping of very short pulses or pulses with very steep fronts in 


single-stage relaxation oscillators is not always attained. For 


example, at the rate of the starting voltage/stress, characterized by 


To Ma edt gree 


Aled 
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value t,=l us, even in the tube with the quality 10° Hz switch time 
will be 6.9 ns, and the duration of the pulse edge is still more. In 
order to obtain possible narrow pulses, relaxation oscillators 
frequently connect up consecutive chains/networks. Each subsequent 
relaxation oscillator is started in this case by pulses with the 
steeper front than preceding/previous. Because of this at the network 
output, the steepness of the pulse edges is more than at the input. 

It should be noted that the method of consecutive peaking gives 
improvement only when in the process of the consecutive 


starting/launching of relaxation oscillators switch time decreases. 


Let us assume that at input of chain/network from Q of identical 


relaxation oscillators operates linearly increasing voltage/stress 


u,(t)==al. 


Then, as it was shown in second section of present chapter, 
switch time of relaxation oscillator I (with chain connection, as a 
rvle, are utilized relaxation oscillators I) 


x,=In(1 +), 
where x,-=w; ¥, = Wn, 
Page 282. 


For switch time output potential of first relaxation oscillator 


will change according to the law 


Ree OR IE ON 


Ao| 
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reaching up to moment of time t=f,;, of value 


fat . eu 
je t—e Ke 
U,=E,K, [ a == |- A i aol 
since = Ke 


Xy vito GQ tna 


— —_—== —— = 
= = = 


K, SRa SRa CRs 


We linearize voltage/stress u,(t), after assuming 


2, (t) =a, 
1 


a,=-——-.. 


4 tos 


Then switch time of second relaxation oscillator | 


soon [t ev] ml B4(B)} | 


$ (@)=——=er 
Ke) ee 


re 
Ke 


where 


a ee ee ee 


Graph/curve of this function is shown in Fig. 5.10 ¢(e)=1 when 
6 


~-—0oo; virtually this value can be considered close.to one when 710 


Page 283. 








4OXR 


DOC = 88076716 PAGE “NL 


During time ¢t,, output potential of second relaxation oscillator 
increases according to the law 


V,(t) = EK, oe! ae |. 


tag t 





reaching up to moment of time t=‘, of value 


E.Ko 


U.=TGalKo 


We linearize this voltage/stress, after assuming 


ut, (1) = a,f. 


In this case switch time of third relaxation oscillator 


X, =: In ( +vit) an nil ae ie (5) . 
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Fig. 5.10. Plotted function w(x/K,). 
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Continuing this operation further, we will obtain 


wg=ln[1+ “B+ 9 (Ze-1)] (5.13) 


Fig. 5.11 gives dependences of dimensionless switch time on 
number of relaxation oscillators in chain/network, constructed for 
different values of factor of amplification ¥,. The examination of 
these graphs/curves shows that with an increase in the number of 
relaxation oscillators the dimensionless switch time decreases, 
approaching a certain limit. Switch time reaches limiting value 


sooner, the greater the rate of the increase of the converted 


eee 


be 
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voltage/stress and the greater the factor of amplification K,. 


It is physically easy to explain, why triggering time does not 
decrease unlimitedly with time of ripening of number of 
cascades/stages. Let us assume that the switch time in the q 
cascade/stage decreased to zero; then rise time of voltage on its 
output is 2.3 r and, therefore, the switch time of the (q+1)-th 
cascade/stage will be certain. This means that in the presence of 
stray capacitance in output circuit the switch time not with what q 


can become zero. 


In order to find steady-state value of switch time, i.e., value 
of switch time in q relaxation oscillator with q,7-=-, let us enter as 


follows. In steady state 


Xq=Xq4, =x", 


where x* indicates the stationary value x. 


For determination .* we will use formula (5.13), into which 


instead of x,_, let us substitute value .* 


won [+0()| 


mode this equation relatively x*. Let us substitute in it value 


vie): we convert and will obtain 
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Fig. 5.11. Dependence of relative switch time on number of relaxation 


oscillators in chain/network with different values of K,. 
Page 286. 


Numerical solution of this equation with respect to x* is given 


in Table 5.1. 


Ne eee . 
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On the basis of this table it is possible to consider in the 
first approximation, that with sufficiently high amplification factor 
steady-state value of dimensionless switch time of relaxation 


oscillator x*=1 
ftp. 
Switch time cannot be less than value of reverse/inverse pvp (i.e. 
value, reverse/inverse quality of tube). Thus, with y=10° Hz =) 


ns. 
5.5. RELAXATION OSCILLATORS BUILT ON TUBES WITH SECONDARY EMISSION. 


In preceding/previous sections of present chapter analysis of 
work of relaxation oscillators was conducted on the basis of known 
transient responses of these relaxation oscillators and volt-ampere 
characteristics of tubes irrespectively of concrete/specific diagrams 

of relaxation oscillators. Let us examine now the diagrams -f 
relaxation oscillators, beginning from the single-tube diagrams, 


assembled on the tubes with the secondary emission. 


As was shown earlier, switch time of relaxation oscillators and 
duration of pulse edges at their outputs depend substantially on 
quality of tubes utilized in relaxation oscillators. The problem of 
increasing the quality of tubes without a considerable increase in the 


current density on the cathode and a decrease of the distance between 





467 
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the cathode and the grid proved to be resolvable under the condition 
for use in the tubes of the phenomencn of secondary emission. 
Furthermore, the presence in these tubes of the special electrode, 
which possesses the ability to emit secondary electrons, offers the 
new possibilities of the construction of the oscillator circuits of 


pulses. 
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Table 5.1. 

Ke 2 | 4 6 8 | lu 12 | © 

x* | 1,230 180 | 10 [1,120 |1.115 [1,114 1,113 
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Diagrammatic representation of one of the types of tubes with the 


secondary emission is given in Fig. 5.12. 


Work of tube with secondary emission occurs as follows. 
Electronic flux, being headed from the cathode toward the anode, falls 
on dynode, being under higher potential, and dislodges/chases from it 
the flow of the secondary electrons, which are fixed to the anode, 
which has an even larger potential. The internal surface of dynode is 
covered with the layer of the substance, which has secondary-emission 
coefficient o>1. Because of this anode current is more than cathode o 


once (if we do not consider the current of screen grid). 


Tubes with secondary emission possess a series/row of special 
features in comparison with usual tubes. First of all, as already 
mentioned above, they they have high quality. For the tubes with the 
secondary emission the ratio of mutual conductance of tube to the grid 
capacitance - cathode o” once is more than for the tubes, which do not 


use the phenomenon of secondary emission. 





A464 
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Second special feature of tubes with secondary emission consists 
in the fact that current of dynode has opposite direction in 
comparison with current of anode, i.e., in external current circuit 
flows from dynode. Because of this voltage/stress on the dynode and 
the grid they prove to be cophasal that it makes it possible to obtain 
positive feedback in single-tube track layout application of voltage 


from the dynode to the grid through isolating capacitor. 


Third special feature of tubes with secondary emission lies in 
the fact that current of anode of these tubes can considerably exceed 
current of cathode. This fact makes it possible to obtain positive 
feedback by means of the connection of the anode with the cathode 


through the coupling capacitor. 
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Fig. 5.12. Diagrammatic representation of tube with secondary 
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emission: 1 - cathode; 2 - control electrode; 3 - screen grid; 4 - 
focusing electrode; 5 - dynode - electrode, which emits secondary 


electrons; 6 - anode. 
Page 288. 


Tubes with secondary emission can be used in most diverse 
oscillator circuits of pulses; however, most specific for them are 
single-tube transformerless diagrams which were discussed above. Two 
versions of the diagrams of relaxation oscillators on the tubes with 
the secondary emission are given in Fig. 5.13. The first diagram 
(Fig. 5.13a) is diagram with a dynode-grid connection/communication, 
and the second (Fig. 5.13b) - diagram with the anode-cathode 


connection/communication. 


Let us examine work of diagram with dynode-grid 
connection/communication (work of second diagram and its advantage 


approximately the same as in the first). 





te. 
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Diagram of relaxation oscillator, given in Fig. 5.13a, can work 
both in mode of self-excitation and in mode of waiting relay in 
dependence on bias voltage, supplied to control electrode. From the 
point of view of obtaining possible narrow pulses, there is greatest 
interest in the second case, when relaxation oscillator works as 


peaker. 


As can be seen from figure, positive voltage of source, which 


feeds dynode, is applied to it through resistor/resistance R,. 





Sa ee 


pa 
» 
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Fig. 5.13. Diagrams of relaxation oscillators on tubes with secondary 
emission: a) with dynode-grid connection; b) with anode-cathode 


connection. 
Page 289. 


This resistor/resistance is analogous with anodic resistor/resistance 
in the usual schematic of multivibrator. It is selected sufficiently 
high value so that the factor of amplification of dynode circuit would 
be more than one and diagram could be self-excited. Alternating 
voltage from the dynode through isolating capacitor C,, is supplied to 
control electrode of tube. Capacitance.value of isolating capacitor 
defines the duration of the pulses generatable in the diagram 
Similarly, as it takes place in the blocking oscillator. Leakage 
resistance of grid is large enough that it would not shunt the dynode 
resistor/resistance. The value of this resistor/resistance together 
with the capacitance of isolating capacitor determines the period of 


oscillations of generator in the mode of auto-oscillations. 


iy bm bay 


and since the current of the anode as a result of the phenomenon of 
secondary emission is more than the current of cathode, then the 
current of dynode flows in the opposite direction in comparison with 
the current of the anode. If in external circuit anode current flows 
to the anode, then in the dynode circuit the current flows from the 
dynode. Voltage on the anode of tube when there is a load on the 
anode circuit is always lower than supply voltage by the value of the 
voltage drop across load. However, voltage on the dynode when there 
is a load on the dynode circuit is always greater than the voltage of 
the source which feeds this circuit. With an increase in the grid 
voltage, the dynode current grows/rises in absolute value and the 
voltage/stress on the dynode grows/rises because of this, i.e., 


voltages/stresses on the dynode and the grid prove to be cophasal. 


—~_ oe - —— 
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w 
Let uS pause at some special features of tube in diagram of 
relaxation oscillator. The current of dynode is the difference 
between the currents of cathode and anode of the tube 

For self-excitation of oscillations in the relaxation circuit 

based on a tube with secondary emission and a dynode-grid connection, 
besides cophasality of the voltages on the dynode and the grid, it is 
necessary for tne transmission gain the closed feedback loop to be 
greater than one. This is accomplished, first of all, by having the | 
value of resistor/resistance in the dynode circuit be great enough, 


which was already discussed above. Furthermore, in the diagram they | 


try to obtain the coefficient of feedback, i.e., the transmission gain 
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from the dynode to the grid, close to one. 
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This is reached with the aid of the sufficiently great capacity of 
isolating capacitor (capacitance of isolating capacitor it must be 


much more than the input capacitance of tube). 


For analysis of work of generator on tube with secondary emission 
we will use characteristic, which expresses dependence of 
voltage/stress on dynode from voltage/stress on control electrode 
(Fig. 5.14). Dynode voltage/stress is product of dynode current to 
load resistance/resistor and therefore reflects/represents shape of 
the curve of dynode current. Dynode current appears with a certain 
negative voltage/stress on control electrode - cutoff voltage on the 
dynode circuit. The build-up of dynode current occurs with an 
increase in.the voltage on control electrode until the phenomenon of 
the redistribution of the cathode current between the dynode and 
control electrode sets in. With further increase in the grid voltage 


dynode current decreases due to the phenomenon indicated. 


On the same graph/curve are given straight lines of feedback for 
two end positions, which correspond to moments/torques of "jumps" of 
current. The straight line of feedback is the dependence of voltage 
on control electrode on the voltage on the dynode. With the. 
sufficiently great capacity of isolating capacitor when the 


coefficient of feedback can be considered e~ual to one, the straight 
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line of feedback will pass at angle of 45° (with the equality of 


scales along the coordinate axes). 
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Fig. 5.14. Analysis of relaxation oscillator on tube with secondary 


emission. 
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Examination of work of relaxation oscillator let us begin from 
that moment/torque when tube it is closed and in diagram occurs 
capacitor discharge. The process of capacitor discharge lasts until 
tube is opened and operating point falls on that section of the dynode 
characteristic, where the slope/transconductance is sufficient so that 
in the diagram the condition of self-excitation would be satisfied. 

At this moment the transmission gain on the closed loop of feedback 
becomes equal to one and in the diagram appears avalanche-like 
process. Operating point abruptly passes from position A to position 
B. In actuality this process occurs during finite time due to the 


unavoidable parasitic circuit parameters. 
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After operating point falls into position B, .in diagram process 
of charge of separating capacitance begins with grid current of tube. 
As a result of special feature of dynode current noted earlier, the 
voltage/stress on the dynode is more than supply voltage, so that with 
the charge of capacitor acquires the potential difference, which 
exceeds the voltage of source. As a result of charge of capacitor the 
grid voltage is gradually decreased, in consequence of which the 
operating point passes in the section of characteristic with the large 
slope/transconductance. At point C mutual conductance becomes 
sufficient so that the transmission factor on the closed loop cf 
feedback would become more than one, and in the diagram appears the 
reverse avalanche-like process, which rapidly leads to the closing of 
tube. Thus, capacitance value of isolating capacitor determines time 
between the straight line and the reverse/inverse by avalanche-like 


processes, i.e., the pulse duration. 


After closing of tube in circuit, which contains 
resistors/resistances R, and R,; begins capacitor discharge. Although 
in the discharge circuit of capacitor is contained the source of 
dynode voltage £,, as has already been indicated, voltage across 
capacitor at the beginning of the process of discharge is more than 
supply voltage of dynode. Discharge time is determined by the time 
constant of this circuit, i.e. virtually with the value of the product 


of the capacitance of isolating capacitor to leakage resistance. 


Page 292. 
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With a certain approximation/approach it is possible to consider that 
this time determines the period of oscillations of the relaxation 
oscillator (when the oscillatory period much more than the pulse 


duration). 


Anode circuit of tube, as follows from description of work of 
diagram given above, does not participate in process of impulse 


shaping, but it is utilized only for their amplification. 


5.6. ANALYSIS OF OPERATION OF RELAXATION OSCILLATOR BASED ON TUBE 


WITH SECONDARY EMISSION. 


Let uS now move on to analysis of work of relaxation oscillator 
on tube with secondary emission, beginning from investigation of 
process of switching. -For this we linearize the characteristic of 
tube in section AC, after replacing with its line segment. Let us 
assume that the starting voltage on the grid of tube is given in the 
form of unit function. Then grid voltage 


te (Q=1(Q+ ua), (5.14) 


where u,(i) ~ alternating voltage on the dynode. 


In turn, 


uy (t)= (4c ({ —§) dK (8), (5.15) 


where K(t) ~ transient response of amplifier, formed by dynode part of 


2 
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diagram: 


uc(t) - voltage/stress on control electrode. 











DOC = 88076716 ! PAGE “Xi 


SaR ue 


Fig. 5.15. Equivalent diagram of output circuit of relaxation 


oscillator. 
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Equivalent diagram matic of this amplifier is shown in Fig. 5.15, 
where S,-- slope/transconductance of dynode characteristic; C, - stray 
capacitance, back-out resistor of R; R - resistance/resistor of load 
of dynode (taking into account by-passing of section grid - cathode of 


tube). 


Substituting (5.15) in (5.14), we obtain integral equation of 


Volterra of 2nd order: 


t 
We (t) — (te (i —HdK R= 1 (1), 


0 


solution of which takes form 


uy (t)= 1 (1) 4¥ Ks (f), 


nal 


where K,(f) - transient response n of series-connected K-circuits. 


According to equivalent diagram 
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t 


K (= Ks 


where w= Sak, t= C,R. 


In order to find transient response of n series- connected 
K-circuits, it is necessary to realize (n-1)-fold convolution of K(t). 
The result of this operation, as is known, can be represented in the 


form [90] 


nT] 


K,()= as eS) w(z)'], 


k=0 


This formula is equation of transient response of n-stage 
resistance-coupled amplifier or result of n-fold passage of 
voltage/stress of stepped form through one amplifier stage. 
Substituting ‘this expression into the solution of integral equation, 


we obtain 


at 


u(y 1 oF yf stents Var (£)|- 
aod ‘ 


, tahoe 
=10+ Ate ; } 
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Setting K,>>1, we will have 


te ()ye* 


where vast! (5.16) 


By definition, uw(f)=A.(4) since at input of relaxation oscillator 
single voltage gradient acts. It follows from formula (5.16) that the 
pulse generator on the tube with secondary emission is relaxation 


oscillator I (when K,>>1). 


Conclusions drawn above make it possible to use for timing of 
switching relaxation oscillator to tube with secondary emission and 
duration of pulse edges, generated by this relaxation oscillator, 


formulas, derived earlier in § 5.2 and 5.3. 


Let us turn now to question about determination of duration of 
pulses, generated by single-tube diagrams on tubes with secondary 
emission. For this purpose will examine first the oscillograms of 
electrode voltages of tube in the diagram of relaxation oscillator. 
These oscillograms are given in Fig. 5.16. The first oscillogram 


(Fig. 5.16a) shows the law of a change in the grid voltage of tube. 
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b) 
Fig. 5.16. Voltage oscillograms on elements of network of relaxation 


oscillator on tube with secondary emission: a) on grid; b) on dynode. 
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The grid voltage of tube is negative at point in time t=0 and it is 
less than the cutoff voltage Exsuw. At the moment of time t=0 in the 
diagram appears the avalanche-like process, as a result of which the 
grid voltage of tube during the small interval of time rises to value 
U.,, At subsequent points in time shaping of pulse apex occurs. The 
pulse apex of grid voltage has a decay, which is obtained due to an 


increase in the voltage/stress on capacitance c,, with its charge by 


DOC = 38076717 PAGE o7 
grid currents. Up to the moment/torque of the termination of the 


flat/plane part of the pulse the grid voltage of tube falls to value 
Ues. 


Second oscillogram (Fig. 5.16b) presents dependence of dynode 
voltage/stress from time. It is characteristic for it that the pulse 
apex on the dynode has a lift. This lift is caused by the special 
feature of the work of tube with the secondary emission, which 
consists in the fact that the current of dynode in external circuit 
flows from the dynode, and therefore in the presence of load in the 
Gynode branch circuit on the dynode grows/rises with an increase in 
the dynode current. The third oscillogram presents the law of a 
change in the voltage/stress on the coupling capacitor. 

e 

In order to determine duration of flat/plane part of pulse 
_ (knowing this, as well duration of front and shear/section of pulse, 
makes it possible to determine pulse duration at any level), let us 
allow some idealizations. Let us assume that the current of dynode 
does not depend on the value of dynode voltage/stress. Let us assume 
also that during shaping of pulse apex the current of dynode does not 
depend on voltage/stress on control electrode. The input resistance 


of section grid - cathode we will consider constant. 


It is obvious that in this system in process of formation of 
flat/plane part of pulse grid voltage of tube will decrease 


exponentially: 


4S5 
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tell) = Uae “s 
where v., ~ maximum grid voltage, which occurs with t=t, (see Fig. 
5.16); 


T, - time constant of charge of capacitor. 
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Time constant 7, is equal to product of capacitance of isolating 
capacitor to total resistance of circuit of charge, which consists of 
series-connected resistance/resistors of dynode load and 


resistor/resistance of section grid - cathode of conducting tube: 


%a=Coak,, 


Rg=Ratre. 


Time, required for decreasing grid voltage from value U,, to 
value U,,, let us find from condition 
‘yg 
Ucg=Ue,¢ 2 ’ 


whence [1] if 


fu= 1, In7e. 


Detailed study of generator on tube with secondary emission was 
carried out into [91], where was given following formula for 


determining pulse duration: 
ta = Tytw (a, 6), (5. 1 7) 


YG 
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where «,(a, 8) - certain function of parameters a and f, represented in 
Fig. 5.17. 

In turn, 


a=1 +2E hac —E, aan? 


a= Ty mec 


~~" Eq uae —Ex san” 


Here Ensan' — Cutoff voltage of dynode current; Egugae - VOltage/stress, 
with which dynode current achieves saturation /),,.; Enuac—Ensan-~ the 
absolute difference between the saturation voltages and cutoff. 
Relation /ysac/(Ezusc—Fasan) iS equal to the averaged 
slope/transconductance of dynode characteristic S,;, so that the 
parameter B plays the role of the factor of amplification of dynode 


circuit. 
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(Value Ro. fe - the resistance/resistor of the load of dynode 


circuit). 


In [91] is given also formula for determining minimum duration of 
pulses (at level 0.5), which is determined by stray capacitances of 
Giagram and by value of load resistance/resistor: 


ba Man (2 - 0,2) RC,, 


where C,=Cix+Cui ~ Sum of parasitic grid capacitances and dynode. 


y7 
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Different values of coefficient in formula are caused by varied 


conditions of starting/launching. 


Analysis given above makes it possible to determine procedure of 
engineering of relaxation oscillators on tube with secondary emission. 
In the nanosecond pulse technique these generators, as a rule, work as 
the peakers of previously formed oscillations, i.e., are used for 
increasing the steepness of the pulse edges. In connection with this 
calculation let us begin from the determination of the duration of 


fronts and impulse steepness, developed by relaxation oscillators. 


Let us accept as initial value for calculation steepness of front 
of starting voltage a. Then the switch time of tube with the extended 
loop of feedback t,=E,/a, where E, - value of the opening of the 
idealized characteristic of tube /,=/(U.). Let us find the switch time 
of relaxation oscillator taking into account the action of feedback 
from the formula 


=~ In (1 +4,¥), 


v 


where v= a 
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Fig. 5.17. Plotted function :u(, 5). 
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Here S, - slope/transconductance of idealized characteristic . 
-=fU,.}, and C, - total stray capacitance, which shunts dynode 


resistor/resistance. 


Duration of pulse edges at output of relaxation oscillator 


a e271 \ 
te=+(2,34 In a 


where x,=“%; t=C,R. 


After determining parameter x, in known values 7 and ,, let us 


find f¢y. 


Pulse amplitude at output of relaxation oscillator (considering 


that voltage/stress is removed/taken from dynode resistor/resistance) 


484 
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U= Ty nacRas 


where /,,,. 7 Saturation current of diode, determined from idealized 


characteristic. 


Here it is thought that characteristic is taken/removed in pulsed 


operation. Average/mean steepness of the edge of the pulses 


U 
So =0,9 t;" 


Coefficient of 0.9 is undertaken here because for time (¢, of 


output potential of relaxation oscillator it increases to value 0.9 U. 


Pulse duration at output of relaxation oscillator can be 
determinvd according to formula (5.17). Since £,,..~0, then 
essentially it is possible to consider that a=3. Knowing this value, 
according to the graph/curve, given on Fig. 5.17, it is possible to 
find that with B=6 (upper curve) +,=9,4, with B=3 (average/mean curve) 
t =4,4 and with B=2 (lower curve) t)=0,4. The pulse duration obtained 
is greater, the greater the factor of amplification of diagram, well 


known property of all relaxation oscillators. 


Period of oscillations of relaxation oscillator, which works in 
mode of peaking, is equal to period of converted oscillations. In the 
mode of auto-oscillations recovery time of relaxation oscillator can 


be calculated by the formulas, proposed by Ya. S. Itskhoki [1]. 
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As has already been spoken, relaxation oscillators sometimes are 
connected up chains/networks for consecutive peaking. The calculation 
of similar chains/networks can be performed on the basis of the 
graphs/curves, given in Fig. 5.11. On these graphs/curves, 
constructed for different factors of amplification K,, is shown the 
Gependence of the logarithm of dimensionless switch time x=fv on the 
number of relaxation oscillators in chain/network Q. As the parameter 
is accepted value x, - the dimensionless switch time of one relaxation 
oscillator. The series connection of relaxation oscillators is 
expedient only if in the process of consecutive peaking the decrease 
of the switch time of diagram occurs. It follows from the 
graphs/curves that with K,=10 and x,=10° is expedient to take the 
chain/network, which consists of four relaxation oscillators (counting 
the first, the switch time of which is equal x,), when x,=10? - 
chain/network of three relaxation oscillators and when x,=10 - 


chain/network of two relaxation oscillators. 


Order of calculation of chain/network of relaxation oscillators 
can be following. After accepting known value x, for the first 
relaxation oscillator, we find the time of its switching through the 


formula 


fn, = 7 In (1 -|-Xq), 


and the switch time of the second and subsequent relaxation 


oscillators - according to formula (5.13), where w(x/K,) is given by 


af 
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the graph/curve, given in Fig. 5.10. 


If tng is considerably less than 1,,, then should be determined 
switch time of third relaxation oscillator, the fourth, etc., until 
switch time ceases substantially to decrease. After determining thus 
tentatively the number of relaxation oscillators Q, should be found 
the duration of the pulse edges at the output of latter/last and 
next-to-last relaxation oscillators. If tq noticeably differs from 
fuy 1, then the number of relaxation oscillators is selected correctly, 
but if these values differ little from each other, then the number of 
relaxation oscillators in the chain/network must be decreased by one 
and repeated the same operation again until it is noticeable that the 
decrease of the number of relaxation oscillators by one leads to the 


considerable elongation of the pulse edge. 
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5.7. DIAGRAMS OF RELAXATION OSCILLATORS BUILT ON TUBES WITH SECONDARY 


EMISSION. 


Diagram of relaxation oscillator on tube with secondary emission, 
whose analysis was given above, is experimentally investigated [92]. 
All data of the entering the diagram elements are cited in Fig. 5.18a. 
Diagram was assembled on tube EFP-60, which has the following 
parameters: £,=250 Y, F,=250 Ve £.=—2 Ve Tq=20 ma, S.=25 MA/V, 
S,=17) MA/V, Cy.=9,2 PF Couza=6 PF, Couxg=t}1 PF. Diagram worked in the 


Stagnation mode, which was achieved by the supply of negative 


oe ennai, rd 
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voltage/stress on control electrode of tube. Diagram was started up 
by positive pulses with an amplitude of 6 V, supplied to the grid 

circuit through the small separating capacitance. The duration of the 
generatable pulses changed by changing capacitance value of block 
capacitor C. Output pulse was removed/taken from the load, connected 
to anode circuit. The load resistance/resistor composed only of 10 
ohms, and the amplitude of the current, which flows through the load, 
reached la. The pulse rise-time was equal to 10 ns, i.e., the 
steepness of front composed 10’ V/s. The maximum value of the pulse 


of dynode voltage was 200 V. 


te ewe, BBR ee tee 
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Fig. 5.18. Practical diagrams on tubes with secondary emission: a) 
with dynode-grid connection/communication; b) with anode-cathode 
connection/communication. 


Key: (1). v. (2). Qutput. (3). JUnput. 
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Oscillator circuit of pulses on tube with secondary emission, 
which has connection/communication anode - cathode, is investigated 
into [93]. In the simplified form this relaxation oscillator is 
depicted in Fig. 1.18b; are there given the values of the entering the 


diagram elements. Generator was assembled on tube EFP-60. 


Work of this generator occurs as follows. In the initial state 
the tube is closed on control electrode by the source of negative 
voltage. Trigger pulse of positive polarity with an amplitude of 5 V 
enters control electrode and is opened/disclosed tube. The absence of 


the connection of control electrode with the dynode is a difference in 


this oscillator circuit from preceding/previous. Consequently, to the 
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input capacitance of tube the output capacitance of dynode is not 
added. Thereby relaxation oscillator can be started from the pulsed , 


source with high output resistance, than in the preceding case. 


When tube is open due to presence of positive feedback, 
avalanche-like build-up/growth of anode current will be begun. 
Simultaneously a sharp drop in the anode voltage on the dynode occurs 
with this in the diagram. Rate of voltage rise on the dynode is 
determined by the quality of the dynode part of the tube and is of the 
order of 10° V/s. Output voltage/stress is removed/taken from the 
dynode and has the same polarity, as the starting voltage/stress. The 
build-up/growth of anode current, as in the preceding case, it is 
limited due to the redistribution of the cathode current between the 


anode and the grid. 


Pulse generator on.tubes with secondary emission was investigated 
into [91]. The schematic diagram of this generator is given in Fig. 
5.19. Trigger pulses are fed/conducted to the grid of the first tube 
with the secondary emission, which works as amplifier. The intensive 
pulses of negative polarity enter the cathode of the second tube, 
which is strictly feedback oscillator dynode - grid. In initial state 
both tubes are closed by the bias voltage, introduced into the grid 


circuit. 


Anode of first tube is connected with cathode of the second 


through capacitance so that when positive trigger pulse enters grid of 
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first tube, voltage on cathode of second tube will be negative. 
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In the cathode circuit of the second tube there is diode 1N98, 
designation/purpose of which is the maintenance of large cathode 
impedance until trigger pulse transfers tube from the closed state 
into open. The duration of the pulses, generated by diagram, is 
regulated by a change in the capacitance of the 
connection/communication between the dynode and the grid within the 
limits from 25 ns to 12.5 ws. Output pulse is removed/taken from the 
anode of the third tube. The pulse amplitude is equal to 17 V, and 


maximum repetition frequency 10 MHz. 


L. S. Bartenev [94] proposed for decreasing time of formation 
of pulse edge to replace in diagrams by tubes with secondary emission 
linear coupling capacitor nonlinear (by varicond). Fig. 5.20 shows 
two oscillator circuits with a dynode-grid (a) and with the 
anode-cathode (b) connection/communication. The equivalent schematic 


of these generators is depicted in Fig. 5.21. 
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Fig. 5.19. Oscillator circuit of pulses on tubes EFP-60. 


Key: (1). wH. (2). V. 
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On this diagram r, - the load resistance/resistor in the circuit of 
dynode (or the anode); rR, - resistor/resistance of drain circuit, the 
considering resistor/resistance of section grid - cathode with the 
positive grid voltages in the diagram (Fig. 5.20a); for the diagram 
(Fig. 5.20b) R. there is input resistance of cathode circuit; C,, - 
stray capacitance dynode - the earth/ground (or the anode - the 
earth/ground); C., - parasitic grid capacitance - earth/ground; R;. - 


anode resistance in the section dynode - cathode (or the anode - 
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cathode). 


Coupling capacitor c,, is delivered in such conditions, with 
which its capacitance sharply decreases in process of formation of 


pulse edge. 
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Because of this the effect of grid circuit on the dynode (Fig. 5.20a) 
substantially decreases, decreases the current strength, which is 
branched/shunted into the grid circuit and is accelerated the charge 
of stray capacitance C,,. The steepness of the edge of the pulse of 
Gynode voltage/stress is more than in the diagrams with the constant 
capacitance of connection/communication. In the process of the 
formation of the shear/section of pulse capacitance C,, increases, 
which leads to an increase in the duration of the shear/section of 
pulse. Since average/mean (for the time of the pulse duration) 
capacitance of nonlinear capacitor is lower than the capacitance 
capacitor constant (when Cyocr=Cry With t=0), then the pulse duration 
in the diagrams with the nonlinear capacitors is obtained somewhat 
less than in the diagram with capacitor constant of 


connection/communication. 
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a) 
Fig. 5.20. Oscillator circuits with nonlinear capacitance: a) with 


dynode-grid connection; b) with anode-cathode connection; 


Key: (1). \Y. 





Fig. 5.21. Equivalent oscillator circuit with nonlinear capacitance. 
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Replacement capacitor constant of connection/communication by 
variable, without complicating substantially oscillator circuit, gives 
gain in the steepness of the front of output pulse on 20-25%, which 


was confirmed by experiment. 


5.8. RELAXATION OSCILLATORS OF TYPE OF MULTIVIBRATOR. 


et ote ek vatental Ps 
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By relaxation oscillators of type of multivibrator here are 
understood usual schematics of multivibrators, reactive/jet start-up 
circuits, diagrams, which contain supplementary tube, etc. Twin-tube 
rheostat re-generative amplifier is the basis of these diagrams. 
Relaxation oscillators of the type of multivibrator in the technology 
of nanosecond pulses are of interest mainly as the sources of voltage 
gradients with the steep fronts, which make it possible as a result of 


the subsequent conversions to obtain the pulses of short duration. 


Let uS examine processes, which occur in schematic 6f 
multivibrator during its switching. The designations, accepted 
subsequently, they are shown in Fig. 5.22. During the supplying to 
the grid of the first tube of the multivibrator of a single voltage 


gradient, the voltage on it will be 


Ac (t)=1 WEDK (1), (5.18) 


n=l 


where X,(f) - transient response n of the series-connected K-circuits. 


OO 
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Fig. 5.22. Schematic diagram of multivibrator. 
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In case in question transient response of K-circuit is transient 


response of two-stage resistance-coupled amplifier 


K()=K s[!-e ‘(1 obee <)}. 
where K,=SR,; t=C,Ry. 
Realizing (n-1)--fold fold, we will obtain 


Ky (t) = K™ [1 +e" be ( ane (5.19) 
k=l 


Substituting (5.19) in (5.18) and producing addition, we obtain 





With K,>>1 this expression takes form 


Ac j= ch vt. 
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Multivibrator and diagrams with K,>>1 allied to it relate to 


relaxation oscillators II. 


Calculation of duration of pulse edges, developed by relaxation 
oscillator II, can be performed in the same order, that also in the 
case of relaxation oscillator I, only switch time should be designed 


from formula 1 SS 
tn==—In[ vf. + /1T+ 0%, ].- 


Let us give example of calculation of duration of pulse edges at 
input of relaxation oscillator II on tubes 6Zh9P, for which S=18.5 
mA/V, C,=18 pF, so that v=10° Hz. Let us assume 
ee 1, (Ycex] | 10° | 10* | 10, 


ty [Bex] | 7,6 | 5,2 | 30. 
Key: (1). ns. 


We accept anodic resistor/resistance to equal to 100 ohms 
(condition of self-excitation in this case it is fulfilled), then 
r,=I,8 ns and auxiliary parameter 


Xn | 4,2 | 2,9 | 1,7. 
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To these values ,, corresponds duration of front 
: te [deex}} 90 | 7,2 [56 


Key: (1). ns. 


When £,--F,-. 150 \J into current of anode of tube 6Zh9P it is 45 mA. 
The pulse amplitude on the load in this case there will be 4.5 V, and 


the steepness of the edges of the pulses 
6) Pe eee eee ee ee oe 
Sy {aicex] ; 0,50-10" | 0,62. 10° | 0,80. 10°. 


Key: (1). V/s. 


Is increased load resistance/resistor to 1 kilohms, then +t,=—18 


ns and parameter 


Xa] O02 ] 0,99 10,17, 


In this case ;,=+2,31=12 ns independent of :. The pulse amplitude 
at the output will be equal to 45 V, and the steepness of their fronts 


rises to 1.07°10° V/s. 


As can be seen from this example, increase in pulse amplitude 
with increase in load occurs more rapidly than increase of duration of 
front. This phenomenon occurs only until the time constant of output 
circuit is low or one value with the switch time of relaxation 
oscillator. When +, it becomes less than one, the steepness of the 


pulse edges at the output in practice reaches its maximum value and 


KO3 
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with further increase in the load resistance/resistor it does not 
grow/rise. With the short switch time the duration of the pulse edges 
at the output is determined in essence of the time constant of output 


circuit, namely ¢,=2,31r. However, the steepness of fronts in this case 


Sy == 0,39 ep = 0,39 
depends only on the ratio of the anode current of tube (when£,.=0) to 
stray capacitance and it does not depend on the load 


resistance/resistor. 


As it was said above, with short switch time duration of pulse 
edges is determined in essence of time constant of output circuit. In 
order to raise the steepness of the pulse edges at the output of 
schematics of the type of multivibrator, there was proposed [95] to 
carry out a charge of the output tube through the tube with the 


secondary emission. 


oY 
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For this purpose in parallel to output tube is connected tube 
with secondary emission in the manner that this is shown in Fig. 5.23. 
Dynode L, is connected to anode L,, and the anode - to the power 
supply. Control grid of tube with secondary emission is grounded, and 
resistor/resistance is connected to cathode. The cathode of the third 
tube is connected with the anode of the first tube through the 


transient capacitance. 


Work of this diagram occurs as follows. When the first tube 
opens, voltage on its anode falls. Negative drop in the voltage from 
the anode of the first tube falls on the grid of the second tube and 
cuts off it. Simultaneously the same voltage/stress enters the 
cathode of the third tube and opens this tube. In the circuit the 
stray capacitance which shunts the load of the second tube, begins to 
be charged. This capacitance is gharged-not only through the 
resistance/resistor of load R,. from the power supply, but also’ 
through the resistor/resistance of section the anode - dynode of the 
third tube. Since the second resistor/resistance much less Rj», 
capacitance is charged considerably more rapid than in the schematic 
of usual multivibrator despite the fact that the value of stray 
Capacitance in the described diagram incréases due to the capacitance 


of dynode. 
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Fig. 5.23. Application of tube with secondary emission in schematic 


of multivibrator for accelerating charge of stray capacitances. 
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Since additional path besides path through load 
resistance/resistor is created for charging capacitance, this 
resistor/resistance can be made as large as desired without damage for 
duration of pulse edges. Therefore the schematics of the 
multivibrators, in which besides usual tubes are used the tubes with 
the secondary emission, make it possible to obtain pulses 


high-amplitude. 


Triggering/opening of second tube occurs at moment of formation 
of shear/section of pulses in diagram. Voltage on its anode falls and 
its negative drop/jump cuts off the first of tube. In turn, the 
closing of the first tube leads to an increase in the voltage on its 
anode. A positive drop/jump in the anode voltage enters the cathode 


of the third tube and cuts off it. Thus, in the process of the 


r 
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wi 
formation of the shear/section of pulse the third tube does not 
participate. The capacitance, which shunts the load of output 
(second) tube, is discharged through this tube. The pulse edge in 
this diagram is steeper/more abrupt than shear/section, since the time 
constant of the circuit of charge proves to be less than the time 


constant of discharge circuit. 


Results of experimental study of series/row of schematics of 


multivibrators, which use tubes with secondary emission, are given in 


[96]. One of the diagrams is depicted in Fig. 5.24. 
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Fig. 5.24. Schematic of multivibrator, which contains tube with 


secondary emission. 
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It differs from the diagram, proposed by Craybill in that here the 
grid of tube with the secondary emission is directly connected to the 
grid of the first tube. The principle of the operation of diagram 
remains the same. The load resistance/resistor in the diagram was 
undertaken equal to 100 kilohms. Diagram worked at frequencies of 
pulse repetition to 30 kHz. Jn Fable 5.2 are given the results of the 
experimental investigation of this diagram. Here F, 7~ time, necessary 
for the increase of voltage/stress to 1 V (value, inverse of impedance 
of the pulse edge). Since measuring meter introduced supplementary 
capacitance into the diagram, then data for Fy», were cited taking 
into account the effect only of the self-capacitance of the diagrams, 
i.e., data, which would be observed in the presence of ideal measuring 


meter. 


Considerably best results were obtained upon start of tube with 


Eat 
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secondary emission according to diagram, shown in Fig. 5.25. In this 
diagram is achieved/reached the decrease of stray capacitance, which 
shunts the plate load of output tube, fact that the anode of the 
second tube on is connected with the grid of the first tube. Thus, 
stray capacitance proved to be reduced by the value of input 
capacitance of the first tube. During the use of tubes EFP-60 in this 


diagram were obtained the results, given in fable 5.3. 
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Table 5.2. 

WwW | Oo | @ | (3) @ 

Fy-e! Ue . neex Pe. < cere D 

400 } 160 175 11 10-# | 5,8 to 

470 | 295 147, «16,5 10% | 354 10-8 

54y | 260 He | 4:6 10-1 | 9"4 10-19 

615 | 230 | 118 | 3,5 1077 | 1.8 10-18 

699 , 370 , 118 | 3.2 10-* | 1,65 10-1 


Key: (1). ess» Ve (2)6. cca nee €3). S. 














Table 5.3. 
Ww | @ 
E,. 6 tor (a), cex F con 
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| | | 

two gy p45) 5B Ue 13 a8 
470 |} 240 120 3,5 10-9) py py-s0 
540} 375 | a3 2310-9) 1,2 10-39 
615 | 445 | 78 1,8 10>" - 0,95 yQ-se 





Key: (1)s <sasy Ve (20s. snap Fey (3% “sy 
Page 311. 


Besides diagrams, in which tubes with secondary emission are 
utilized for accelerating charge of output capacitance, widely are 
used diagrams, in which such tubes serve for Starting/launching of 
diagrams, assembled on usual tubes, for example for starting/launching 
of diagrams of multivibrators, blocking oscillators, etc. Application 
of tubes with the secondary emission for these purposes gives 


noticeable gain. 


Fig. 5.26 and 5.27 give two schematics of multivibrators, 


investigated into [97]. Multivibrator is assembled on the tubes 6J6, 


S10 
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equivalent 6N15P. As separative element in the first diagram are 
utilized the batteries, and secondly - gas-filled diodes of the type 
5651. 
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Fig. 5.25. Improved schematic of multivibrator, which contains tube 





with secondary emission. 


512. 
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Fig. 5.26. First schematic of multivibrator with starting/launching 
from generator on tubes with secondary emission. 


Key: (1). V. (2). jnput. 
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For the starting/launching of diagram are utilized the tubes with 
secondary emission EFP-60. The absence of condensers as separative 
elements makes it possible to substantially reduce the duration of the 
generatable pulses. Thus, in the first diagram the duration of the 
generatable pulses is 5 ns, and in second 2 ns. The minimum time, 
which divides two pulses and characteristic triggering times of 
diagram, comprises for both diagrams 50 ns; therefore diagrams can 
work with the high repetition frequencies, which reach to 1 MHz and 
limited only by dissipated power on the electrodes of tubes. The 


amplitude of output pulses is obtained about 15 V. 





5/3 
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It is indicated in [95], that in diagram, assembled on tube EL-41 
and tube with secondary emission EFP-60 it is possible to obtain 
pulses with steepness of front of 10° V/s. The pulse amplitudes in 
this case were limited to the permissible value of electrode voltage. 
In the described diagram with supply voltage of 700 V it is possible 


to obtain the amplitude of pulses of 400 V. 





A 
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Fig. 5.27. Second schematic of multivibrator with starting/launching 
from generator on tubes with secondary emission. 


Key: (1). v. (2). Jnput. 
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Let us conduct calculation of steepness of pulse edges at output 
of this diagram, assuming that first two tubes in it - 6Zh9P, and 
third tube - 6V1P. In the pulsed operation the current of the anode 
6V1P is 1 o when ¢£,-500 V and £,=150 V, which makes it possible to 
consider the resistor/resistance of section anode - dynode for the 
equal to 350 ohms. Stray capacitance, which shunts the load of output 
tube, is approximately equal to 18 pF. Then switch time at different 
starting velocities comprises, as this was calculated earlier, 


ty filcer| {7,6 | 5,2 | 3,0. 


Key: (1). as. 
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For r=350 ohms x1!8-10-"*. £ =6.3 ns, the parameter 


Xn | 1,2 | 0,83 | 0,48, 


Whence duration of front 
ty (icex| | 18] 16 | 15. 
Key: (1). ns. 
Amplitude of output pulses is determined by permissible value of 
drop/jump in electrode voltage of tubes. Assuming that this drop/jump 


can be 200 V, we obtain, that the steepness of the pulse edges at the 


output of diagram will be 10° V/s. 


Schematic of multivibrator, which generates pulses of nanosecond 


duration, is given in [98]. 
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Fig. 5.28. Application of cathode follower in schematic of 


multivibrator. 
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With the best fulfillment of diagram and during the use of tubes with 
the high quality, the multivibrators make it possible to obtain pulses 
by duration to 100 ns. In order to decrease the pulse duration, it is 
proposed to supply the cathode follower in the coupling circuit (Fig. 
5.28). In this case two advantages are obtained. First, the 
capacitance which shunts the resistor of the plate load of the first 
tube decreases, since cathode follower has considerably smaller input 
capacitance than the second tube of multivibrator, whose load is 
connected to the anode. In the second place, the grid circuit of the 
second tube is low-resistance, since leakage resistance of the grid of 
the second tube in this case is equal to the input resistance of 
cathode follower. The decrease of resistor/resistance is useful in 


that sense, that in this case decreases the ill effect of capacitance 
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Cac Of the second tube. The diagram of cathode follower can be 
improved by the installation of supplementary tube (Fig. 5.29). 
Anodes of both tubes cophasally are controlled by input voltage. 
Therefore besides the decrease of capacitance C,. of lower triode, 
which occurs in the usual diagram of cathode follower, decreases 
capacitance C,, (also in lower triode), which also facilitates the 


work of the first tube of multivibrator. 


To schematic of multivibrator must be premised forming 
cascade/stage, which develops trigger pulse. The oscillator circuit 
of pulses is given in Fig. 5.30. Trigger pulses are supplied to the 
grid L,, and are amplified by this tube. Diode in the grid circuit 
L,, serves in order to limit the pulse amplitude. In order to remove 
the effect of the start-up stage on the work of multivibrator, the 
capacitance of connection/communication must be very small (in the 


diagram 10 pF). 
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Fig. 5.29. Improved diagram for decoupling of input and output tubes 


in multivibrator. 





DOC = 88076718 PAGE “4 


Page 315. 





Fig. 5.30. Schematic of multivibrator, which generates nanosecond 
pulses. 


Key: (1). V. 
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Diodes in the coupling circuit serve in order to have the capability 
to work by pulses of both polarities, and also for the fastest 
discharge of capacitance C, which connects the anode of the second 
tube of multivibrator L,, with the grid L,. This capacitance, equal 
to 5 pF, determines the pulse duration. The pulse, removed from the 
anode L,, has bell-shaped form. The diagram, the data of which are 
cited in Fig. 5.30, generated pulses with a duration of 35 ns at the 
level of half of amplitude. The pulse amplitude was 9 V. The pulse 


repetition frequency was equal to 1 MHz, and in the auto-oscillating 
mode it reached several megahertz. 
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CHAPTER SIX. 


PULSING IN CIRCUITS WITH INDUCTIVE FEEDBACK. RECIRCULATORS. 
6.1. Pulsing in diagrams with inductive feedback (blocking 


oscillators). 


Method, based on use of single-tube diagrams with inductive 
feedback, is one of most known and effective methods of pulsing of 
nanosecond duration. Such diagrams are called usually blocking 
oscillators. Blocking oscillators make it possible to obtain in the 
mode of auto-oscillations pulses with duration into tens of 
nanoseconds with an amplitude of about 100 Vv. The special diagrams of 
the blocking oscillators, in which is utilized consecutive peaking or 
starting/launching from the tubes with the secondary emission, make it 
possible to form/shape pulses with duration into the units of . 


nanoseconds. 


Process of impulse shaping diagrams with inductive feedback is 
analogous to process of impulse shaping in single-tube diagrams on 
tubes with secondary emission. The tube of blocking oscillator works 
under these conditions, in which at the moment of pulse advancing on 
its grid appears large positive voltage and in the tube occurs the 
redistribution of the cathode current between the anode and the grid. 
Another special feature of blocking oscillator is the presence in it 


of the transformer, whose parameters also affect the shape of pulses, 
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the duration of their fronts, etc. 
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Considerable role here play the processes, which occur in the 
transformer core: the process of the magnetization of core, 
phenomenon of eddy currents, etc. All these facts very complicate the 
analysis of the work of blocking oscillator, especially in the range, 
the nanosecond pulses, where the duration of pulses themselves is 
frequently determined by the duration of their front and 


shear/section. 


Let us examine process of impulse shaping in blocking oscillator, 


whose schematic diagram is depicted in Fig. 6.1. 


Description of work of blocking oscillator let us begin from 
moment of time t,, when tube opens and voltage on its grid is equal to 
Esn (Fig. 6.2). At this moment the loop of feedback proves to be 
locked. Grid voltage of tube begins to increase more rapidly and, 
when the transmission gain on the closed loop of feedback becomes more 
than one, the increase of voltage acquires avalanche-like nature. Up 
to moment of time t, the grid voltage of tube attains maximum; it 
approximately at the same time reaches maximum and the pulse of anode 
current. For the time of the formation of the pulse edge the grid 
voltage of the tube of blocking oscillator varies from cutoff voltage 


to its maximum value. 
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Increase of grid voltage leads to sharp increase in current of 
control electrode, which becomes comparable with anode current. Since 
an increase in the current occurs due to the redistribution of the 
cathode current between the anode and the grid, the 
slope/transconductance of anode current and, therefore, the 
transmission gain along the closed loop of feedback fall and this 
incidence/drop occurs until in the diagram avalanche-like process is 
discontinued. Thus, the limitedness of the cathode current of tube 


blocks the infinite development of avalanche-like process. 
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Fig. 6.1. Schematic diagram of blocking oscillator. 
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In blocking oscillator feedback loop remains locked during entire 
process of impulse shaping; however, after grid voltage achieved its 
maximum, parameters of tube so changed that slope/transconductance of 
plate characteristic proves to be insufficient for onset of 
avalanche-like process. The process of shaping of pulse apex occurs 
at this time in the diagram. As soon as grid current in the tube 
appeared, the charge of capacitance C,, begins. The charge of this 
Bapsei tence causes the decrease of grid voltage of tube and the 
Gisplacement of operating point over the grid-plate characteristic. 
Since mutual conductance of tube in the region of redistributing the 
currents is small, the grid voltage of tube must change to the 
sufficiently high value so that the operating point would go down 
according to the characteristic of tube in the section with the large 
slope/transconductance, where the transmissicn factor on the closed 
loop of feedback again would become more than one. At point in time 
t;,; concludes the stage of shaping of apex/vertex and reverse 


avalanche-like process begins. 
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As a result of close coupling between anode and grid circuits 

decrease of anode current leads to appearance in grid circuit of emf 
of mutual induction, which has negative polarity. Anode current 
begins to decrease with the ever-growing rate and through the small 
time interval it drops to zero. Tube is closed also at the moment of 
time t, concludes the process of impulse shaping. Subsequently in the 
diagram occurs the discharge of capacitance c,, through 


resistor/resistance Re. 


In Fig. 6.2 oscillograms of voltages and currents in blocking 


oscillator are given. 
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Fig. 6.2. Oscillograms of currents and voltages/stresses in blocking 


oscillator. 
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The curve a depicts a change in the voltage/stress on capacitance 

In the period of impulse shaping the capacitor is charged by the grid 
current of tube, while during the entire remaining part of the period 
it is discharged through resistor/resistance C,,. The grid voltage of 
tube, shown curved b, is the algebraic sum of the anode voltage, 


transformed into the grid circuit, and voltage across capacitor R.. 

Grid voltage of tube, shown curved b, is algebraic sum of anode 

voltage, transformed into grid circuit, and voltage across capacitor 

Cane After the passage of the shear/section of pulse of the grid 

voltage becomes negative due to emf of mutual induction, induced 

from the anode circuit. Subseauently the grid voltage increases 
exponentially, trying to achieve the cutoff voltage of tube. The 

curve c presents the pulse of anode current, and curve da —- pulse of , 
ancde voltage. The 
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oscillation of anode voltage after pulse advancing is caused by the 


collision excitation of parasitic oscillatory circuit. 


From point of view of possibility of obtaining very narrow pulses 
in examination of process of work of blocking oscillator there is 
greatest interest in question about duration of generatable pulses and 
duration of their fronts. The duration of the pulses, generated by 
blocking oscillator, is determined by the time of the charge of 
capacitance c,,. In the computations of this time, Ya. S. Itskhoki 
[36] it proceeded from the equivalent diagram of grid circuit, 
represented in Fig. 6.3. The grid voltage of tube is composed of 
voltage on the grid winding of transformer, which can be considered 
constant during the duration of the pulse (when the primary inductance 
of transformer is sufficiently great), and voltage/stress on 


capacitance Ces. 


Change in grid voltage is equal to force of constancy of 
voltage/stress on grid winding of transformer and it is opposite on 


sign to change in voltage across capacitor. 





42.7 


DOC = 88076718 PAGE “SX 





Fig. 6.3. Diagram of input circuit of blocking oscillator. 
Page 321. 


The grid voltage falls with the charge of capacitance; this decrease 
occurs until operating point passes in the section of characteristic 
with the slope/transconductance, sufficient for the onset of 
avalanche-like process. The less capacitance value C., and the less 
the resistor/resistance of charging circuit, the more rapidly will 
fall the grid voltage of up to the value, which causes the onset of 
avalanche-like process and the shorter the pulse duration will be. 
Ya. S. Itskhoki gives the following approximation formula for 


determining the pulse duration in the blocking oscillator: 


~or uy. Mate 
ty = 2C oy 7 
I. Mac 


where U,yarc — Maximum grid voltage, 


Je maxne'~ Maximum grid current. 


However, as far as duration of edges of pulses generated by 


blocking oscillator is concerned, Rainn Itskhoki proposes to 
o> Fo 


6 Te MaKc 


determine it according to formula + where C, - stray capacitance of 


5A8 
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diagram, in reference to grid circuit. 
6.2. Duration of the pulse edges in the blocking oscillator. 


For answering question about duration of pulse edges, developed 
by blocking oscillator, in the first approximation, following path can 
be accepted. We approximate the anodic and grid characteristics of 
tube in the manner that it is shown in Fig. 6.4. Let us accept 
further, that the transformer is ideal, i.e., affects neither the form 
of pulse apex nor the duration of its front. Then the equivalent 
diagram of the anode circuit of blocking oscillator can be represented 


in the form, depicted. in Fig. 6.5. 
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Fig. 6.4. Approximation of characteristics of tube of blocking 


Bed cee 


oscillator. 
Page 322. 


On this diagram u and R; - parameters of tube, C, - total stray 
capacitance, in reference to anode circuit, R - converted into anode 


a 
circuit resistor/resistance of section grid - cathode of tube. 


We will consider that voltage/stress of synchronization is 
introduced into grid circuit of tube consecutively/serially and that 
resistor/resistance of source of signals of synchronization is 
negligibly small. In this case grid voltage of the tube of the 


blocking oscillator 
Ue (t) = Uy (t) + M06 (f), (6.1) 


where u,(t) - input voltage; 


uws(t) ~ voltage/stress of feedback. 


Voltage drop across capacitor C., can be disregarded/neglected in 


form of short duration of pulse edge. Let us designate the 
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transformation ratio of the transformer 


__ Wa 
a==, 
ce 


where wa - number of turns of anodic winding; 


w, - number of turns of grid winding, and let us consider that 


Uog (t)=— > us (t). 


In view of linearity of response of tube 
t 
u, (t)=— fue ((— 8) dA, (), (6.2) 
0 


where A, (t) - transient response of circuit, depicted in Fig. 6.5. 
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Fig. 6.5. Equivalent diagram of anode circuit of blocking oscillator. 
Page 323. 
It is easy to be convinced of the fact that 


t 
Ak ()=K,(l—e *), 


where 


2k 
K, R, 4 R? 
RR, 
SoC eRe: 


Substituting (6.2) in (6.1) on the basis of preceding/previous 
formula and assuming that u,(t) has form of unit function, we obtain 


integral equation of Volterra of 2nd order 


ft 
Uc()— ~ fuel — dA, = 10. 


ay 


Let us represent solution of this equation in the form 


oy Anat! 63 
RSAC 10+) (6.3) 
k=l 
where A. (!) - transient response k of series-connected K-circuits: 
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Substituting (6.4) in (6.3) and fulfilling operation of addition, 


we obtain 


U—K/n) 
Kin Soar 


Ae = 1+ pa, [1--e ; 


If K,/n>>1, then we obtain simpler expression 


Ae (jesse exe" 


Kot vt 


Hence it follows that blocking oscillator under condition K,/n>>1l 


and in presence of ideal transformer is relaxation oscillator I. 


Page 324. 


Let us note that value p/n is a quality of tube in the diagram and in 


the more demonstrative form can be expressed thus: 


¥ Ss ns s n 


a nl, a +nC, Cy 1+ n'y? 


where wept C.- capacitance of the anodic winding of transformer 
together with the output capacitance of tube and the wiring 
capacitance, and C, - capacitance of the grid winding of transformer 
together with the input capacitance of tube and the wiring 


capacitance. 


cpeemmammemmen nemmmcnmnsccanccmmmemmnscccsccascesaasacccaasaaaaascs amass 
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Investigating expression for quality of tube to maximum as 
function of transformation ratio, let us find that its optimum value 


it will be: 


Nont = Vn ’ 
a ys 
A \waxe Co Vy 


For determining duration of pulse edges in blocking oscillator 
can be used the same method, as for diagrams on tubes with secondary 
emission. Since the equations of the transient responses of blocking 
oscillator and diagram on the tube with the secondary emission are 
analogous, the switch time af blocking oscillator can be recorded 


thus: 
ty =F mits). 


where t, - time, during which the linearly increasing voltage/stress 


changes to value E, (Fig. 6.4). 


If we consider (as this it was accepted in the beginning) that 
transformer of blocking oscillator has negligible leakage inductance, 


then duration of front of anode voltage can be determined according to 


="), 


where x,-=t,/t; «+ - time constant of anode circuit. 


formula 


x 
e 





ty at (23 + In 
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Time constant +r is equal to product of total stray capacitance, 
which shunts anode circuit of tube, to output resistance of diagram. 
Capacitance is composed of the output capacitance of tube and by that 
converted from the grid circuit into the anodic input capacitance of 
tube, and also from the capacitance of the windings of transformer. 
Output resistance of diagram is the parallel connection of anode 
resistance and converted into the anode circuit of resistor/resistance 


section grid - cathode of tube. 
6.3. Impulse shaping of short duration. 


In preceding/previous sections it was assumed that parameters of 
circuit of blocking oscillator can be divided into "small", that play 
Significant role in process of formation of front and shear/section of 
pulse (leakage inductance of transformer, stray capacitances), and 
"large", that have vital importance with shaping of pulse apex 
(inductance of magnetization of transformer, working capacitance). 
This separation correctly when blocking oscillator is utilized for the 
impulse shaping of relatively larger duration, but having steep front 
and shear/section; the pulses of nanosecond duration they are obtained 
of them by the subsequent conversion. With the direct impulse shaping 
of short duration in the blocking oscillators this separation is 
impossible, since each parameters simultaneously affect both the 
processes of forming of front and shear/section and the process of 


forming the apex/vertex. Therefore during the analysis of nanosecond > 
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blocking oscillators it is necessary to proceed from the equivalent 
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diagram, which considers the "low" and "high" parameters, 
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Fig. 6.6. Equivalent diagram of blocking oscillator, which forms 


pulses of nanosecond duration. 
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Yu. P. Mel'nikov and S. Yo, Shats [99, 100] conducted research 
of blocking oscillator in the mode of the impulse shaping of short 
duration, on the basis of the equivalent diagram, represented in Fig. 
6.6. In this figure through A and G are designated the nonlinear 
two-terminal networks, whose properties are described by dynamic 
characteristics for anodic A and grid G of the circuits of tube. R 
indicates the resistance/resistor of the load, connected to the anode 
circuit of transformer, taking into account the resistor/resistance of 
core loss of transformer, L is inductance of the magnetization of 
transformer, Cy=C,+n°Co, - total stray capacitance of anode 


circuit, C, - grid circuit; C - working capacitance, n=*"., 
wa 


Using dog-leg approximation of dynamic characteristics of tube, 
authors compile differential equation for interval of time, during 


which is formed/shaped pulse edge: 


t 


du ] du, I u“ 
Cie te j udt +n ~7-=Sa, (u— a tu) 


j , | Cn, 
where oe ary oe 


nS.’ 

u, - voltage/stress on capacitance, 

S., - slope/transconductance of dynamic characteristic of anode 
current in section of understressed mode (S,,=”S,, where S,- - 
slope/transconductance of static plate characteristic for pulsed 


operation). S,, has the same value for the grid circuit (Fig. 6.7). 


aia eS ee 
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i. 
Results of solving this equation during starting/launching of 
blocking oscillator linearly increasing voltage/stress are on Fig. 
6.8, in which along axis of abscissas is plotted logarithm of ratio of 
voltage/stress u to T,v,, where 7 —C,/S,, S,=Sa,—nSc,, v, ~ rate of 
increase of starting voltage/stress. Curves are constructed for the 


different values of parameters P and Q, where P==Ly4/L, 4a Q= CJC. 
Page 327. 


Value Ll, is calculated from the formula 
ig = [ap $242 fC (o a(&+e)], 


where es ~- the cut-off frequency of ferrite, at which its magnetic 
permeability falls into /2 once in comparison with the permeability at 


the lower frequencies. 


Graphs/curves, given in Fig. 6.8, show that decrease in the 
velocity of starting/launching, inductance of magnetization with 
working capacitance leads to decrease in the velocity of 
build-up/growth of front. The process of the formation of front 


concludes, when voltage/stress u attains value U, (Fig. 6.7). 
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Fig. 6.7. Dynamic characteristics of tube. 


Key: (1). Charge 





0 4 8 12 6 t/' 
Fig. 6.8. Determination of output potential of blocking-generator. 
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Results of solving equation for apex/vertex taking into account 
initial conditions, determined from condition of solving equation for 
edge of pulse (/,, Um, U,, where index "1" shows that these values are 
taken for moment/torque of termination of front), they are given in 


Fig. 6.9 and 6.10. Fig. 6.9 shows the form of pulse apex, while in 


Re we see tee 
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Fig. 6.10 is given the dependence of the duration of apex/vertex from 


parameter P at the different values of parameter Q. 
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Fig. 6.9. Determination of form of pulse apex. 


Key: (1). V. 


c tepu:/ No 
16 





Fig. 6.10. Determination of the duration of pulse apex. 
Page 329. 


As can be seen from this graph/curve, decreas2 L and C leads to the 
decrease of the duration of apex/vertex. Fig. 6.11 shows the 
dependence of the duration of the shear/section of pulse from P for 


different Q. 





BFA 
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Fig. 6.12 depicts dependence of general/common duration of pulse 


i, and parameter t-= Uvane/(U, from P and Q. Her€ Uyare 7 maximum value 


of pulse, and U, - value of pulse up to the moment/torque of the 
termination of front. Dependence 1#,/T, on P and Q in the range of 


values 0.12P21, 0.12021 is approximated by the expression 


tufT, = 12e7"P 4% 4 Bel, 
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Fig. 6.11. Cetermination of duration of shear/section of pulse. 


C1). 


Key:* cross section. 
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@ 
Fig. 6.12. Graph/curve for calculating pulse duration. 
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6.4. Special features of the work of tube and transformer in the 


diagram of blocking oscillator. 


Tubes in blocking oscillator work in strongly overstressed mode, 
in which maximum grid voltage can considerably considerably exceed 
Minimum voltage on anode. In connection with this trere is a 
difference in the work of triodes and pentodes in the diagrams of 
blocking oscillators. Triodes have large power gain in the region of 
the positive values of grid voltage how pentodes and therefore they 


make it possible to obtain the surge voltages of larger value. 


Increase of positive grid voltage of tube occurs approximately 
until operating point falls on section of characteristic of anode 


current with small slope/transconductance, which leads to 


eS ae ee a 
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cessation/discontinuation of avalanche-like process. For different 
tubes, in particular for the triodes and the pentodes, the value of 
grid voltage, with which occurs the end of avalanche-like process, is 
different. This value is great enough for triodes (it equals tens of 
volts), whereas for the pentodes it a little differs from zero. 
Respectively currents in the pulsed operation are determined for the 
triodes with large positive grid voltage, and for the pentodes - with 
voltage close to zero. Triodes usually are utilized for these reasons 


in the diagrams of low-power blocking oscillators. 


In blocking oscillators boosting mode of tubes frequently is 
used. It is necessary to keep in mind that the limit of boosting mode 
is frequently established/installed not by power capacity of plate 
dissipation and grid of the tube (with the sufficiently large porosity 
these values they can be not exceeded), but with the maximum 
permissible voltage/stress between the anode and the grid. The 
maximum voltage/stress between the anode and the grid is obtained at 
the moments of time, which directly follow after the termination of 
pulses. Voltage on the anode in this case is equal to supply voltage 
plus the voltage/stress of the overshoots, caused by the excitation of 
sneak circuits in the anode circuit. ‘The voltage/stress of overshoots 


can sometimes comprise more than half of supply voltage. 
Page 331. 


Grid voltage at the same moments of time is equal to the 


voltage/stress of fixed bias plus the voltage/stress, induced from the 
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anode circuit due to the phenomenon of mutual induction. As a result 
a potential difference between the anode and the grid can several 


times exceed nominal voltage/stress and tube will malfunction. 


Maximum pulse repetition frequency is determined by power 
capacity of scattering on electrodes of tube. However, with an 
increase in the repetition frequency by several times the scattered 
power is raised several times (for the constant pulse duration). In 
connection with this, other conditions being equal, for increasing the 
pulse repetition rate it is necessary to decrease either their 
amplitude or their duration. Virtually the blocking oscillators of 
nanosecond pulses, assembled on the finger triodes, stably generate 


pulse oscillations to the frequencies of 1 MHz. 


Peak transformer is second critical node in diagram of blocking 
oscillator, it is intended for inversion of stage of piles and 
replaces second tube in schematic of multivibrator. Providing maximum 
connection/communication between the anode and grid circuits in entire 
range of the generatable frequencies is fundamental requirement for 
the transformer of blocking oscillator (i.e. in entire frequency band 
of the pulse spectrum). The undistorted transmission of the pulse 
edge is possible only in such a case, when the parasitic parameters of 
transformer will be sufficiently small. However, as far as the 
requirement of the undistorted transmission of the flat/plane part of 
the pulse is concerned, it is fulfilled sufficiently easily for the 


very short pulse duration. 
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During design of transformers of blocking oscillators, intended 
for work in nanosecond range, it is necessary to focus attention on 
“two fundamental points. First processes in the magnetic core of 
transformer are of them. The magnetic core must work at very high 
rates of change of the induction in the peak transformers, which work 
in the microsecond range. The second fact concerns the frequency 
properties of transformer as linear quadrupole. The need for the 
transmission of very rapid changes in the voltage/stress requires that 
the transmission factor of transformer would be constant up to the 


very high frequencies, measured by hundred megahertz. 


Page 332. 


Transformers of blocking oscillators are fulfilled with cores 
from ferromagnetic material. The application of a core provides the 
necessary value of primary inductance with least possible number of 
turns which in turn, is necessary for decreasing stray capacitance of 
transformer. The presence of core from the magnetic material 
indirectly decreases the leakage inductance of transformer. Both 


these of fact increase its broad-band character. 


At the same time processes, which occur in core, significantly 
influence its properties and, consequently, also work of blocking 
oscillator. With the feed of the primary winding of transformer by 
periodic unipolar pulses the process of the magnetization of 


transformer core, as is known, differs from the process of 


a > 
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magnetization in terms of alternating current. This difference lies 
in the fact that the operating point in the magnetization curve moves 
not along the usual loop, but on a certain other curve, called maximum 


loop of specific cycle. 


Magnetic permeability », on particular cycle, which plays with 
work of peak transformers the same role, that also usual permeability 
uw with work of transformers on alternating current, is considerably 
less »,. In order to obtain high value »,, it is neceseare to utilize 
for the cores magnetic materials with the high value of saturation 
induction g. and small remanent induction 8,, with small relation 
B,/B,. For decreasing the value of remanent induction they sometimes 


supply magnetic circuit with air gap. 


With work of peak transformers with high rates of change in 
induction eddy currents have vital importance. For decreasing harmful 
eddy-current effect the cores of peak transformers are manufactured 
from the very thin tape (0.08-0.02 mm). The decrease of the thickness 
of the sheets of iron significantly decreases the eddy current losses, 
Since these losses are proportional to the square of thickness of 


sheet. 
Page 333. 


Furthermore, for producing the cores of peak transformers are used 
magnetic materials with the high specific resistor/resistance, which 


so leads to the decrease of eddy currents. 
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At present as ferrite rings are utilized as cores for peak 
transformers of blocking oscillators of nanosecond range. These cores 
are not inferior on their, to qualities to the cores, made from 
transformer steel of the highest brands. Table 6.1 gives the 


information about some types of ferrites [82]. 


Question about its broad-band character is second question, which 
appears during design of peak transformer. As has already been 
spoken, the passband of peak transformer must stretch to hundreds of 
megahertz. Therefore during the construction of peak transformer it 
is necessary to take measures to decrease its spurious parameters to 
the minimum. The very short duration of pulses, favors achieving this 
goal, in consequence of which the production of transformers with the 
low value of primary inductance is possible (measured by the units of 
microhenry). Thus, at the actually allowed values of coefficient of 
scattering the absolute value of leakage inductance is very small. 
Furthermore, as has already been indicated, the use of materials with 
the large magnetic permeability makes it possible to perform primary 
winding with the small number of turns, which leads to the decrease of 


Stray capacitance of transformer. 
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Table 6.1 

4) Mapxa Bigs | Byane: 

ene, |e | ae ikaw] Petes” | Mer tay 
«P, -2000 2000 0,035 3000 | 0,16 
,-1000 1 000 0,011 2200 | 0,30 
,-1000 1.000 0,032 2100 | 0,35 
®, -600 600 0,009 3000 | 0,65 
®,-600 600 0,032 2300 | 0,58 
o, -400 400 ¥ 008 2500 | 1,00 
D-400 400 0,008 4200 | 0,60 
,--40U0 400 0,027 2700 } 0,79 
,-10U 100 0,004 3809 | 2,00 


Key: (1). Brand of ferrite (2). tg/5 per 100 kHz (3). ... G (4). 


eee Oe 
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Structurally peak transformers are made very simply. Onto the 
ferrite ring the windings, which for decreasing stray capacitance are 
made single-layer, are applied. Windings will be deposited or by one 
to another, the turns of one winding are arranged/located between the 


turns of another. 


Frequently transformers are supplied with third (load) winding. 
Transformation ratio between the anodic and grid windings is taken by 
the usually equal to one. However, as far as transformation ratio 
between the load and grid windings is concerned, its value is 


determined by the load resistance/resistor. 


6.5. Diagrams of blocking oscillators. 


Blocking oscillators, utilized for impulse shaping of nanosecond 


55/ 
DOC = 88076719 . PAGE “MN. 
duration, work, aS a rule, with external synchronization due to 
instability of frequency. In this case the work of blocking 
oscillators actually consists in the conversion of pulse oscillations 
with the large amplitude, but relative to low-ts by 


Slope/transconductance, in the oscillations with the large 


slope/transconductance. 


Ye. N. Butorin [3] produced research on the schemes of blocking 
oscillator on tubes of finger series. The data of diagram are cited 


in Fig. 6.13. 
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Fig. 6.13. Diagram for investigation of blocking oscillator. 


Key: (1). V. 
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The transformer of blocking oscillator was made on the ferrite ring 
from the material #,=2000with a diameter of 18 mm and with the number 
of turns in anodic winding 10, in grid 10 and in load 6. The primary 
inductance of transformer composed 37 uwH, leakage inductance 0.63 uH 
and stray capacitance 7.2 pF. The described diagram on the tube 6N15P 
(S=11.2 mA/V, C,.=8 pF) with parallel connection of both of triodes and 
Capacitance C,.,=30 pF generated pulses by duration 35, Several with an 
amplitude of 60 V on the resistor/resistance of 150 ohms. Tube 6N6P 
(S=12 mA/V, C,=9 pF) during the use of one triode under the same 
conditions made it possible to generate pulses by the duration of 35. 
ns with an amplitude of 125 V. Diagram on the tube 6SZP (S=19.5 mA/V, 
C,=10 pF) generated pulses by the duration of 18 ns and by the 
amplitude of 90 V with C.,=10 pF. Diagram cn the tube 6S14P (S=45 


mA/V, C,#16.3 pF) with C,,=22 pF, generated pulses 14 ns with an 


Nene nee - 
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amplitude of 80 V. 


In [101] is described oscillator circuit of nanosecond pulses, 
capable of generating pulses with fixed period of time of 20, 50 and 
100 ns with repetition frequency of from 10 kHz to 1.5 MHz. Blocking 
oscillator was assembled on the tube 6N6P with the transformer, made 
on the ferrite ring F-400 with an outside diameter of 18 mm. This 
type of ferrite is selected because it retains its initial 
permeability without the noticeable increase of losses to frequencies 
on the order of 5 MHz. Oscillator circuit is shown in Fig. 6.14a. In 
the load winding of transformer there is a diode for damping 
undershoot. The pulses, taken from the blocking oscillator, are 
supplied to the diagram, shown in Fig. 6.14b, the being diagram with 
the duct/contour of collision excitation. Tube in the initial state 
is closed with negative grid voltage; the arriving pulse triggers it. 
The duct/contour of collision excitation is made on the ferrite ring 
of the type F-400, the number of turns in primary and secondary 
windings with t=20 ns is equal to 4. For n improvement in the shape 
of pulse to secondary winding the diode is connected. Amplitude 
control of output pulse is realized with the aid of the potentiometer 
of 470 ohms, shunted by the corrective chain/network RC and diode. 

The amplitude of output voltage/stress is changed in the limits from 0 


to 30 V. 


Generator of groups of pulses of nanosecond duration, using 


blocking oscillator, are described into [102]. 
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Fig. 6.14. Diagrams of assigning blocking oscillator (a) and output 
Stage (b). 
Key: (1). To the intermediate cascade/stage. (2). Output. 


Page 337. 
The schematic of the part of the generator is given in Fig. 6.15. 


Trigger pulses enter input of first blocking oscillator, which has 
duration of pulses 50 ns; pulses from the first blocking oscillator 
enter the second, which forms pulses with the duration 

of 20 ns. Finally pulses are formed/shaped in the output stage. Peak 


transformers are made on ferrite rings with an outside diameter of 
cores of 14 mm; data of windings Tpl: w,=8 turns, w,=4 turns; data of 
windings Tp2: w,=6 turns, w,=6 turns, w,=3 turns; wire PEShO of 0.2 
mm, Was tested the pulse generator, in which at the output was 
utilized the amplifier-limiter on the tube with the secondary 


emission, shown in Fig. 6.16. ) 
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Fig. 6.15. Oscillator circuit of pulses, which uses blocking 
oscillators. : 


Key: (1). Input. (2). Output. 
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Are developed also diagrams of blocking oscillators, which make 
it possible to obtain durations of pulses of order of tens of 
nanoseconds with repetition frequencies of 400-500 kHz [103]. Fig. 
6.17 gives the diagram of blocking oscillator on tube £182CC. The 
limitation of reverse/inverse overshoot and damping is conducted by 
chain/network D, R,, where D - high-frequency silicon diode, R,=100 
ohm. Cathode follower is made on the same tube, as generator. 
Interstage connection is attained through the differentiating circuit 


R,, C,.- Diodes D, and D, limit the reverse/inverse overshoot of 


Nene : 


SSG 

DOC = 88076719 PAGE aN 
output voltage/stress, furthermore, stray capacitance of diode D, 
participates in the formation of the shortened pulse. With the pulse, 
removed from the blocking oscillator with an amplitude of U=75 VV and 
4=75 ns, from the cathode resistor/resistance of R,, =60 ohms is 
removed/taken the pulse with an amplitude of 30 V and the duration on 
the foundation 45 ns. The steepness of the pulse edges composes 
1.2°10° V/s. Data of transformers: w,=6 turns, wy=5 turns, w)=13 


turns, L,=4.3 wH. 


s ie 
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Fig. 6.16. Diagram of output amplifier-limiter. 


Key: (1). VY. 
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For obtaining more narrow pulses it is necessary to take measures 
for increase in steepness of pulse edges by changing trigger 
conditions. As it was shown earlier, rate of voltage rise on the 
input of blocking oscillator affects rate of voltage rise on its 
output. Therefore for obtaining the more narrow pulses the 
starting/launching of blocking oscillator from other pulse generators 
with the sufficiently steep fronts widely are utilized. In this case 
the blocking oscillator works not as self-contained system, and as 
nonlinear amplifier-limiter with the feedback. The purpose of 


blocking oscillator is an increase in the steepness of the edge of 


NT a aa 
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subject by it pulse; the pulse amplitude at the output of blocking 


oscillator can be even less than the pulse amplitude at the input. 


During use of blockiny oscillators as peakers of pulses it is 
necessary to consider that each subsequent cascade/stage forms/shapes 


more narrow pulse. 





<= 
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Fig. 6.17. Pulse generator circuit. 


Key: (1). V. 
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Therefore tne transient capacitance of each subsequent stage must be 
less than the transient capacitance of the preceding stages; this 
makes it possible to utilize the shortenings of the duration of fronts 
and shear/sections of pulses for further shortening of their duration 
occurred in the preceding stages. In connection with shortening of 
the pulse duration grow/rise the requirements also for the broad-band 
character of transformers. This requirement is comparatively easily 
satisfied by the decrease of the number of turns and overall 
dimensions of core. The decrease of the number of turns in the 
windings of transformers becomes possible because the pulse duration 
decreases and, therefore, the smaller value of primary inductance is 


necessary with the allowed value of decay in the apex/vertex. 
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Question about most advisable method of connecting separate 
stages into network is one of important questions. The series 
connection of generators causes greater difficulties than the series 
connection of amplifiers because between the anode and grid circuits 
of tube there is a connection/communication. The presence in 
generators of feedback, furthermore, is opened path to the direct 
passage of pulse oscillation from the preceding stage to the output of 
that following, passing/avoiding tube and thereby substantially 
changing the impulse steepness of output potential. One should in 
this case consider that the preceding stages can be even more 
powerful/thicker than following. However, the installation of any 
decoupling cascades/stages, i.e., through repeaters without the 
feedback, in the range of the pulses of nanosecond duration, is 


difficult. 


Diagram, given in Fig. 6.18 [87], is most convenient trigger 
Circuit. In this diagram the start-up voltage/stress is supplied 
through capacitor C, directly to the grid of tube following after the 
source of signal. So that on the capacitor C, it would not occur a 
considerable drop in the voltage of the transmitted oscillation, its 


value must be not too small. 
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Fig. 6.18. Trigger circuit of blocking oscillator. 


Key: (1). input 
Page 341. 


It cannot be at the same time taken and too great to avoid strong 
effect generator of the source of starting voltage. Usually capacitor 


C, is taken several times of more than capacitance of C,. 


Ye. N. Butorin [3] produced study of generator of short pulses 


on tubes 683P according to diagram, given in Fig. 6.19. 
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Fig. 6.19. Diagram of cascade blocking oscillator on tubes 6$3P. 


Key: (1). Start-up. (2). 6utput. (3). Vv. 
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Fig. 6.20. Diagram of stage of blocking oscillator on tubes 6N15P. 


Key: (1). Vv. (2). Qutput. (3). Input. 
Page 342. 


In this diagram at the output of the second cascade/stage were 
formed/shaped the pulses with duration from 5.5 to 8 ns with an 
amplitude of from 40 to 90 V respectively. At the output of the third 
cascade/stage the pulses had a duration from 4.5 to 6 ns with an 
amplitude of from 40 to 85 V. The load resistance was 75 ohms, and 


the pulse repetition frequency 10 kHz. 


Generator of narrow pulses on tubes 6N1i5P is shown in Fig. 
6.20. The triodes are connected in parallel in each tube. Diagram 
was started from the pulse generator with a frequency of 2 kHz. 
Transformers were assembled on the miniature cores made of steel of 


brand 80NKhS, the thickness of belt 0.02 mm. 
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Fig. 6.21. Diagram of blocking oscillator with starting/launching 
from tube with secondary emission. 


Key: (1). V. (2). output. 
Page 343. 


The transformer of the first cascade/stage contained in the anodic and 
grid windings with 8 turns, and in the load - 6 turns. The 
transformer of the second stage had respectively w,=w.=5 turns, 

“,=3 turns, the transformer of third stage w,=w,.=3 turns, w, =9 
turns. Diagram generated pulses with the duration of 6 ns with an 


amplitude of 100 V on the load of 75 ohms. 








wed 
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Blocking oscillator of nanosecond pulses on tube VX3052, started 
by pulse generator on tube with secondary emission, is described into 
[104]. Oscillator circuit is given in Fig. 6.21. Transformer had 
toroidal core. Wound from strip. As the magnetic material was 
utilized mu-metal (thickness of strip 0.0006"). The number of turns 
in the windings of transformer was varied from 2 to 10 with the 
transformation ratio n=l. Diagram made it possible to generate pulses 


from 20 to 100 ns with an amplitude of up to 200 V. 
6.6. Pulse generators with delayed feedback. 


In preceding/previous chapter, dedicated to analysis of 
RC-generators with feedback, it was shown that action of positive 
feedback in nanosecond range of pulse durations little is effective in 
comparison with its action microsecond range. Therefore in a number 
of cases the last stages of pulse generators are fulfilled not as 
relaxation oscillators, but as amplifier-limiters. At the same time 
for increasing the steepness of the pulse edges the series connection 
of amplifier-limiters is utilized. It is obvious that taking a 
sufficient quantity of series-connected amplifier-limiters, it is 
possible to obtain the same result, that in the chain/network of 
' relaxation oscillators, without resorting in this case to the use of 
an avalanche-like process. It is easy to see also that there is no 
need to physically fulfill the chain/network of amplifier-limiters; 
the same result of repeated nonlinear conversion can be 


achieved/reached, also, with the consecutive transmission of the 


Sols 
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converted pulse through one and the same amplifier-limiter, closing it 
into the loop of delayed feedback; time lag is here necessary in order 
to divide the pulses, which completed different number of passages 


through the nonlinear element, between themselves. 
Page 344. 


The pulse generator with delayed feedback, called otherwise 


recirculator, is constructed according to this principle. 


Generator with delayed feedback differs from other feedback 
oscillators in terms of fact that instead of wide-band linear 
quadrupole for target of feedback (rheostat-capacitance circuit or 


transformer) it contains delay line. 


That that feedback loop in such generators possesses large delay, 
it is in principle important. The presence of delay excludes the 
possibility of the development of avalanche-like processes in the 
recirculators. In contrast to the relaxation oscillators, in which 
the steep pulse edges are obtained due to the avalanche-like 
build-up/growth of current in the tube, in the recirculator the steep 
pulse edges are obtained due to the repeated nonlinear conversion of 
pulses. By the target of positive feedback in the recirculator is not 
the creation of conditions for the developmeit of avalanche-like 
process, but providing repeated conversion of pulse nonlinear element 


- amplifier-limiter. 
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In order to clarify difference between relaxation oscillators and 
recirculators, let us turn to block diagram, shown in Fig. 6.22 and 
which differs from diagram, given in Fig. 5.1, by presence of delay 
line into feedback loop. With t,=0 this diagram will be relaxation 
oscillator, while with sufficiently large t, - recirculator. Voltage 


on the input of K-circuit according to Fig. 6.22 


Upy (E) = Uy (t) u(t —1,). (6.5) 
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Fig. 6.22. Block diagram of recirculator. 
Page 345. 
In turn, aS it was shown earlier in fifth chapter, 
t 
u(t)= fuss (t—8) dK (&), (6.6) 


where K(t) - transient response of K-circuit. 
Substituting (6.6) in (6.5), we obtain integral equation of 


Volterra of 2nd order with delaying nucleus: 


t-f 


tay (J tax ll b~ YUKO = (0, 


solution of which takes form 
ting (t)~ V te yf (2G), (6.7) 


nal 


where uw, ,({) iS OSCillation, which completed n-1 passage on K-circuit. 


As it follows from formula (6.7), with t,=0 voltage on input of 
K-circuit is sum of infinite number of components, each of which 
begins at moment of time t=0. This fact generates the very rapid, 
avalanche-like increase of voltage on the input of K-circuit at the 


initial moments of time, characteristic for the recirculator. With 
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t,#0 all components, from which stores/adds up input oscillation, are 
shifted on the time. If the converted oscillation u,(t) has short 
duration, then voltage on the input of K-circuit of recirculator will 
represent the sequence of pulses, which is the result one-, two-, 
triple and so forth of the conversion of input pulse by K-circuit. 
Thus, the mechanism of the work of recirculator and relaxation 


oscillator is entirely various. 
6.7. Analysis of the work of recirculator. 


Pulse generator of recirculator type can be represented in the 


form of functional diagram, shown in Fig. 6.23. 
Page 346. 


This diagram differs from that given by preceding/previous figure 
in that into it special element, which considers nonlinear properties 
of tube of amplifier is introduced (or special tube, worker in 
nonlinear section of characteristic and called expander). 

Nonlinear element is characterized by fact that voltage/stress on 
its output is connected with voltage on input with nonlinear 
dependence 


n, (8) =P [uay (t)]. 


Repeating the same operations, that also for linearized system, 
let us arrive at equation, comprised relative to voltage on input of 


nonlinear element of recirculator: 


a a ee 
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ites (1)— fe (dex (t—t, — 2) dK (=u, (t). 


0 


ats ah hae te ne he a i 


Here K(t) - transient response of amplifier. 
Given equation is nonlinear integral equation. For the brevity | 
let us record it in the operational form | 


Lyx (t) — Aug (!) =x, (1), 


where A - certain nonlinear operator. 


Nonlinear operational equation can be solved by method of 
consecutive integration. Let us break entire time interval into 


segments [(n-1)t,, nt,], n=1, 2, 3, «ee. 
Page 347. 


Then in the first interval of time [0, t,] the solution of integral 
equation will take the form 


Uox (1) = Uy (1) = Agu, (t), 
in the second section/segment [t,, 2t,] 
Way (Q = An, (Vu (0, 
in the third section/segment [2t,, 3t,] 
Hyx (QAM, (22 A (iO) v Teaches 


IKay : Ci), and wa, 
Imposing for function u,,(f) requirement of equality to zero 
beyond interval of time [(n-1)t,, nt,], we obtain solution of 


operational equation in the form 


—\ 


S 
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Myx (4) - Xs A, ~ leo (t), 


yl 
where the subscript in operator indicates, what number of times is 
taken this operator. 
If in latter/last expression operation of temporary displacement 


is recorded explicitly, then 


—_. 


Hetir Vv Valls (1 - (n-- 1) és], (6.8) 


aol 


where A' - operator, who differs from A in that in it is omitted the 
operation of temporary displacement. 
Expression (6.8) describes transient mode in diagram of a 


recirculator, consecutively/serially presenting stage of conversion of 


pulse u,(t), A,u.(t), A',u,(t) and so forth. In steady state (if such 
there is a voltage on the input (and at the output) of the 


recirculator is a periodic pulse train. With sufficiently large n 
Moly (Aly (1) = 19), 
where u*(t) describes the shape of pulse in steady state. 
Value xz*(!) is solution of operational equation 


u(t) — Au (ft) =- 0 


or, in expanded/scanned form, nonlinear ineteral equation 
t—t, 


es ( P(a(t—t,— 9] dK @)=0. (6.9) 





Fig, 6.23. Functional diagram of recirculatorg; lenonlinear elements 
2-filter; 3-delay line. 
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Recirculator With Ideal Limiter. 


Solution of nonlinear integral equations, given above, in general 
case very complicatedly, and therefore for determining form of 
oscillations/vibrations at output of recirculator one resorts to tl.ose 
or other idealizations. It is possible, for example, to proceed from 
the fact that the switch time of recirculator in steady state is 
negligibly small. In this case the nature of nonlinear element can be 
acquired in the form of the step function, shown in Fig. 6.24. 
Nonlinear element with this characteristic is called ideal limiter. 
Its special feature is the fact that when a pulse of any form is 
supplied to the input of the limiter, a pulse of perfectly rectangular 
form is obtained at the output. This substantially facilitates the 
determination of the distortions of those undergone with pulse in 


transit through the amplifier and filter. 


For describing processes, which occur in diagram with ideal 
limiter, it is convenient to use graph/curve, given in Fig. 6.25. Let 
uS assume that at the input of nonlinear element at a certain moment 
of time t, arrived pulse u', (Fig. 6.25a). According to the 
characteristic of nonlinear element the voltage/stress on its output 
will be equal to zero until voltage on the input achieves value A. At 
this moment output potential of nonlinear element abruptly rises to 


the value, to conditionally equal unit (Fig. 6.25b). Voltage/stress 


§ ond 








RR 
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u', will remain equal to this value until the level of input voltage 
is lowered to value A. Then output potential of limiter falls to 


zero. 
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0 4 uy 
Fig. 6.24. Characteristic of ideal limiter. 


Page 349. 


After traversing the filter, square pulse will be distorted, as shown 
in Fig. 6.25c, while after traversing the delay line, it will be 


shifted along the time axis to the right value t, (Fig. 6.25d). 


Since adder and amplifier rely by ideal, i.e., contributing none 
distortion, then after time t,+6 pulse u" , again will appear at input 
of limiter. T, here indicates the delay of oscillation/vibration in 
the delay line, and 6 - delay of functioning limiter, caused by. the 
fact that the voltage on the input of limiter spends a certain time in 
order to achieve the level of limitation A. Since the amplifier gain 
K,>1, then the amplitude of pulse u” , has large value, than the pulse 


amplitude at the output of delay line. 
At output of limiter again appears square pulse of single 
amplitude, whose duration is determined by difference in moments of 


time (, and 1”,, during which input signal passes through level A. 


Let us designate through K(t) transient response of amplifier, 


27> 
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and through :" and ¢'-- moments of time, which correspond to beginning 


n Kn 


and end/lead of n pulse at output of limiter ‘, then 


K (2--1""'— 1,)= K (0)==4. 


FOOTNOTE ?. The following analysis of the work of recirculator is 
borrowed from the article of Yu. I. Neymark, Yu. K. Maklakov and L. 


P. Yelkins [105]. ENDFOOTNOTE. 
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Fig. 6.25. Performance record of recirculator. 
Page 350. 


Here /"_ ;""' indicates difference between moments of time, at 
which pass fronts of the n-th and (n- 1)-th pulses 6 - mentioned above 
effective time lag o” n pulse with respect to (n-1)-th pulse, caused 


by combined action of filter and nonlinear element. 


Further it is possible to write that 


Kt ty) KU tt) 
or nm 4 na at 
K(t) + 5)— K (th — th +=, (6.10) 
where ;".- duration of n pulse. 
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Latter/last relationship/ratio can be recorded in the form 
=o”), (6.11) 
expressing dependence of duration of n pulse from duration of (n-1)-th 
pulse. If the duration of initial pulse ;’ is assigned, then by 


equation (6.10) will be determined the series/row of the durations of 


pulses /',f, /... In steady state, i.e., when noo, M'=t', equation 


n 


(6.11) takes the form 


*, = ((*1). (6.12) 


This solution is stable, if 


[P(t <1, 


In case in question equation (6.12) can be recorded in the form. 
K (O--t*n) = 24 (6.13) 


[we assume/set in formula (6.10) Me. ?) (ery 


Page 351. 


Equation (6.13) physically means that circulation of pulses in 
system is possible only when maximum value of pulse at input of linear 
element is twice more than as threshold of functioning limiter. 
Stability condition for the case takes the form 


HOO <9, (6.14) 
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where H(t) - the pulse transient function of filter. 


It can satisfy equation (6.13) series/row of durations of pulses 
ty, Gi fos... Stable of them will be only those, for which is fulfilled 
requirement (6.14). Obviously, so that in the system could exist the 
pulses at least of one duration the transient response of filter it 


must not be the monotonically increasing function. 
Calculation of recirculator with the ideal limiter. 


Calculation of recirculator in steady state can be performed on 
the basis of assumption about the fact that tube is ideal limiter. 
Let us give the order of calculation of recirculator on the assumption 
that it is carried out on the base of single-stage resistance-coupled 
amplifier. The transient response of the amplifier for the region of 
short times takes the form 


K(v=K(l—e |), (6.15) 
wher2 ta: - time constant of anode circuit. 
For region of long times 
K i) a Rac. (6.16) 
where te, —- time constant of transient circuit. 


Calculation of recirculator can be performed in following order. 


On the basis of the formula 
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K (W) =A, (6.17) 


we determine the effective time lag of pulse in transit through the 


filter and nonlinear element. 
Page 352. 


Since the time lag of pulses is caused by the limitedness of the 
filter pass band in the region of higher frequencies, then into 
formula (6.17) it is necessary to substitute value of K(t), determined 
by expression (6.13), 


t 


K,(l—e*)= 4, 
whence 


§=—aIn (1- ke) 
e 


Effective time lag of pulses is determined by time constant of 
anode circuit and depends on ratio of threshold of functioning limiter 
4 to factor of amplification K,. The greater K,, the less the 
effective time lag; with K,~= effective time lag is equal to zero. 
Pulse repetition period 


T=t, +6. 


For determining pulse duration we will use formula | 


K (0+ ty) = 24, 


into which should be substituted expression (6.16), since pulse 
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duration is determined by time constant of circuit, which causes 


limitation of passband in region of lower frequencies: 





‘, +8 
Ke “* =2A, 
whence 
24 
ty=—tes In E-—94 
or 


24 4 \ 
i= = <2. — # 
7 Top In K, ++, In (1 K, }: 


At output of nonlinear element pulse has ideal rectangular form. 
At the output of the filter 


u(t)=K(t) on O<t— ty, 
u(t)=K(t)—K(t—ty) fon t > tp. 


Key: (1). with. 


In these -formulas it is necessary to substitute complete 


expression for transient response 


tf: 
e a 


K()=K(e""—e*). 
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Refinement of the form of the frontal part of the pulse. 


Since pulse at output of ideal limiter has rectangular form, then 
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after passage through amplifier frontal part of pulse will be 
described by transient response of amplifier for region of short 
times. The time of the establishment of pulse in this case will 
comprise 231, (speech it goes about the resistance-coupled amplifier). 
Since for the circuits of nanosecond pulse technique there is greatest 
interest precisely in a question about the duration of the pulse 
edges, then it is desirable to conduct the refinement of the form of 
the frontal part of the pulse in order to consider the effect on it of 


the real properties of nonlinear element. 


Let us assume that characteristic of nonlinear element takes 
form, depicted in Fig. 6.26. The dependence between u,(t) and tx(é) 
in this case is described by the equation 


a, (()=(uax(Ol", YI. 


As can be seen from Fig. 6.26, when a,,<1] value u;>usx and 
nonlinear element amplifies oscillation/vibration, and when usx>!1 
value u<usx and nonlinear element attenuates oscillation. This means 
that in hunting system with this characteristic of nonlinear element 
the steady-state oscillations can be established/installed. Let us 
note that with y=1 the characteristic of nonlinear element coincides 
with the bisector of right angle, and with y=0 accepts the form of 
unit function. Thus, with the change y from 1 to 0 nonlinear element 
passes from the circuit with the linear characteristic to the ideal 


limiter. 
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Fig. 6.26. Characteristic of nonlinear element. 
Page 354. 


Thus, let uS assume that characteristic of nonlinear element is 
described by exponential function, and transient response of amplifier 
for region of short times it takes form (6.15). Substituting these 


expressions into nonlinear integral equation (6.8), we will have 


X—X, 


nt (x) — { [a(x — x, — BJ tae =: 0, (6.18) 
0 


where x=(/ta, X3=1,/%a. 


For determining form of frontal part of pulse there is no need. 
for considering temporary displacement between pulses; therefore it is 


possible to write 


u(x) — {at (x— te *dt — 0. (6.19) 
a 


We differentiate this equation for x: 


uw’ (x) + (ut (x— t)e8de — [ul (x) — e*n™ (0)] =0 
0 
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or 
ul (x) 4-4 (x) =u" (x), (6.20) 


since w'()=0, and the integral, which stands in the next-to-last 


expression, is equal to u(x) on the basis (6.19). 


Equation (6.20) is nonlinear Bernoulli differential equation, 
which easily is reduced to linear. Let us divide right and left of 


the part of the equation on 4" (x): 


un (x) a’ (x) ea! (x) = 1. 


Let us designate 


u'~" (x) = Z(x), 
then 


‘ (1— yar" (x) a! (x) = 2 (x). 


Multiplying by (1-7) and making substitution, we come to linear 


differential equation 
Z (x) + (1 — 4) 2 (x)= 1 --¥- 


Page 355. 


Solving this equation and returning with initial variable u(x), 


we obtain 
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u(x)=(1— pon, (6.21) 
This is refined formula, which describes frontal part of pulse. 
In the diagram with the ideal limiter y=0 and w(x)-=-!—e"*, the frontal 
part of the pulse takes the same form, as the transient response of 
amplifier. With the percentage distortion 7, different from zero, 
occurs, in the first place, as if increase in the time constant «, 


ta 
Fa ve =Toy? 


in the second place, the form of the frontal part of the pulse 


changes; it is described no longer by exponential, but more complex 


function. 
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Fig. 6.27. Frontal part of pulses in schematic of recirculator.. 


Page 356. 


Fig. 6.27 gives curves, which show law of change in pulse edge 
for cases y=0 and y=0.5. It is well noticeable that with y=0.5 is 
developed a certain time lag in the build-up/growth of the frontal 


part of the pulse. 


Let us determine duration of pulse edge, on the basis of 
condition that for this time output potential increases to 0.9 of 
steady-state value. Since according to (6.19) the steady-state value 


of the pulse amplitude is equal to one, the time of the establishment 
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When y=0 f;=2.3t; with increase y it grows/rises and time of 
establishment, approaching infinity with y=1 (linear system). 


6.8. SOME SCHEMATICS OF RECIRCULATORS. 


Before examining specific schematics of recirculators, let us 
make some observations of physical processes relatively occurring in 
them. Recirculators are hunting systems with delayed feedback, in 
which is possible the prolonged circulation of pulses. The 
fluctuating overshoot of voltage on the input of amplifier is trigger 
pulse in self-contained hunting system (or other section of diagram). 
This overshoot is amplified by amplifier, also, due to unavoidable 
stray capacitances (which together with output resistance of amplifier 
form the integrating component/link), it is expanded. The expanded 
pulse is supplied through the delay line to the nonlinear element, 
designation/purpose of which is pulse clipping in the amplitude, which 
provides establishment in the diagram of the stationary amplitude of 


oscillations. 


In diagram, which contains only enumerated elements, stationary 
pulse duration cannot be established/installed, since neither 
nonlinear element nor amplifier block unlimited pulse widening with 


multiple traversal through integrating component/link. 


Page 357. 
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In order to avoid this expansion, in the schematic of recirculator the 
shortening (differentiating) circuit must be contained. Transient 
capacity/capacitance and leakage resistance in the circuit of tube 
usually serves as this circuit. The time constant of this circuit, as 
it was shown in the preceding/previous section, determines the 
duration of the generatable pulses. The presence of the 
differentiating circuit makes the transient response of the filter of 


nonmonotonic, the need what has already been discussed earlier. 


Let uS now move on and to examination of schematics of 
recirculators. Fig. 6.28 gives the schematic of recirculator, 
described into [106]. The first tube in this diagram is delivered 
into such mode, during which its characteristic is utilized on the 
lower bend. This tube is expander. Filter is formed by output 
resistance of the first tube and by referred to it stray capacitance 
of diagram (limitation in the region of higher frequencies), and also 
by the elements of transient circuit c,,, and R,, (limitation in the 
region of lower frequencies). Amplifier is carried out on the second 
tube. The output stage does not affect the passband of the diagram in 
the region of higher frequencies, since it is loaded to the 
low-resistance input of the resistor/resistance of cable. The load 
resistancé/resistor in the grid circuit of expander is equal to the 
wave impedance of cable. In the region of lower frequencies filter 
attenuation band defines chain/network C.,,R.., aS has already been 
mentioned above, but not chain/network C,,,k.., Since the latter has 


considerably slow response. The delay time of pulse is determined in 
essence by the time of its passage on the cable. 
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Fig. 6.28. Schematic of recirculator on two tubes. 


Pane 3 S¥. . 
Experimental research on the schemes of recirculator, 


Gescribed into [106], showed that this diagram can generate pulses by 
duration to 7 ns at the level with attenuation of 1 Np with the 
repetition frequency 20 MHz. The amplitude of generatable pulses was 
3 V. The cable with a wave impedance of 150 ohms was utilized as the 
delay line. The author notes that the diagram easily was synchronized 
from the external signal with an amplitude 0.01 V, applied to the grid 
of the tube of expander. the shape of pulse is close to the 


bell-shaped. 


In work [107] are given results of study of regenerative pulse 
generator on tube EFP-60 with secondary emission. This diagram 
generated the pulses, whose duration was 5 ns, and repetition 
frequency 50 MHz. Diagram and data of generator are cited in Fig. 
6.29. Positive feedback in the diagram was achieved by application of 


voltage from the anode circuit into the cathode. For the delay of 
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us 
feedback to this circuit the section/segment of coaxial cable with a 
length of 5 m was connected. The starting voltage/stress was supplied 
to control electrode of tube, and output pulse was removed/taken from 
the load into the circuit of dynode. The amplitude of output pulse 


was the units of volts. 


In [108] description of recirculator on tube with secondary 
emission, which generated pulses is given by duration of 5 ns with 
repetition frequency to 170 MHz. The amplitude of the oscillations on 
the load of 37.5 ohms’ reached 120 V. Pulses were generated by series 
with duration into hundreds of microseconds. The schematic of this 
recirculator is given in Fig. 6.30. Its basic part - strictly 
recirculator - it is carried out on L, - tetrode with secondary 
emission of patronymic production. The voltage/stress of feedback is 
supplied from the anode L, into the cathode through cable RK-3. 
Chain/network C,R, realizes the automatic gain control, excluding the 
possibility of the appearance of supplementary pulses in the 
gaps/intervals between the bases and it shortens and it peaks trigger 
pulse. Tube L, serves for an improvement in form and increase in the 


Slope/transconductance of trigger pulses. 
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Fig. 6.29. Schematic of recirculator on tube with secondary emission. 


Key: (1). Q@utput. (2). Input. 
Page 359. 


During the supplying to the input of the tube L, of trigger pulse the 
first of diagram develops the standard trigger pulse, under action of 
which the generator on the tube L, develops pulse train. The 

repetition period of these pulses is determined by the delay time of 
pulse in the cable and differs from it by several nanoseconds, spent 
by electrons with the flight/span through the tube. The amplitude of 


oscillations was determined by the saturation current of tube L,. 


Study of recirculator on transistors is carried out into [109]. 
Fig. 6.31 depicts oscillator circuits: a - on transistors P411l 
(Ex: =—5 V) and b - on transistor P403) (£y=—5 V). The transformer 


of this diagram has following data: 


Tp! —w, :@,:,== 21:21:7, D=12 ae, S=17 watt, py = 100. 


In first diagram for provoding positive sign of feedback was ) 
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utilized supplementary transistor, and second - transformer. 
Automatic control was realized by means of chain/network R.,Cu. 


included in the emitter of transistor. 
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Fig. 6.30. Schematic of recirculator on tetrode with secondary 


emission. 


Key: (1). V. (2). Launching/starting. 
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Fig. 6.32a gives the voltage oscillogram on the collector/receptacle 
of transistor (Fig. 6.3la), and in Fig. 6.32b - on load R, of diagram 
in Fig. 6.31b. In the diagram as delay unit was utilized cable 


RS-400-7-12. The pulse repetition frequency in the first diagram was 


8 MHz. 


In [110] is investigated schematic of recirculator, to feedback 
loop of which was connected delay line, with nonlinear amplitude 


characteristic. 


Oscillator circuit is given in Fig. 6.33. Generator is carried 
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out on the tubes 6V1P, connected according to the schematic of the 
distributed amplifier for the purpose of the expansion of the passband | 
of diagram. The voltage/stress of feedback is supplied from the 
dynode circuit into the grid through canié RK-3 and chain line, which 
consists of 20 filter sections of the type M with the nonlinear | 
inductances. The cable segment is included/switched on for an | 


increase in the pulse repetition period. 
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Fig. 6.31. Schematics of recirculators on transistors. 
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Fig. 6.32. Voltage oscillograms in schematic of recirculator on 


transistors. 


Key: (1). Vv. (2). div. (3). ons. 
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Fig. 6.33. Schematic of recirculator with nonlinear delay line 
(inductance in microhenry). 


Key: (1). output to DESO-1. 
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The coils of filters were coiled around the ferrite cores of brand 
VT-6. Output voltage/stress was removed/taken from the load 
resistor/resistance of 75 ohms. The switching on/inclusion of 
nonlinear chain/network led to the decrease of the duration of pulses 
and duration of their fronts, and also to an increase in the pulse 
amplitude, i.e., it led to the compression of pulses. In particular 
the pulse edge in the anode circuit decreased from 70 to 20 ns, and 


amplitude grew/rose from 35 to 50 V. The even better results gave 


application of capacities/capacitances of p-n junctions in the 
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feedback loop as the nonlinear elements. The minimum duration of 


front in this case was 4 ns with the amplitude of pulses of 30 Vv. 
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Chapter Seven. 
PULSING IN SOLID-STATE ELEMENT CIRCUITS WITH NEGATIVE RESISTANCE. 


In recent years in pulse technique of microsecond range had 
extensive application diverse semiconductor devices, mainly 
transistors, which successfully replace electron tubes. On the 
transistors are fulfilled all possible oscillator circuits - 
multivibrators, blocking oscillators, trigger circuits, they are used 
for amplifying of pulses, limitation, fixation of level and the like 
[111]. The large inertness of the processes of moving the charge 
carriers, which did not make it possible to obtain steep edges in the 
voltage/stress or current, high pulse repetition frequencies or high | 
counting rate blocked transistorization in the nanosecond pulse 
technique. Therefore until recently nanosecond pulse technique to a ' 
certain degree lagged behind the pulse technique of microsecond range | 
in the part of the application of such promising elements as { 
semiconductor devices. | 
{ 
Situation substantially changed after were opened and developed | 
new types of semiconductor devices - instruments with negative 
resistance, in particular tunnel diode. The use of such instruments 
not only made it possible to replace electron tubes in the series/row 


of diagrams and devices/equipment, but also to make the large step 


forward by means of increasing the speed of impulse circuits. A real 
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possibility for the mastery/adoption of the subnanosecond range of the 


pulse durations was provided. 
Page 364. 


The tunnel diode, whose work is based on the quantum-mechanical effect 
- the tunnel passage of the electrons through the potential threshold 
- possesses the unique properties, which make with its irreplaceable 
in the diagrams, in which is realized the transmission or the 
conversion sf. oscillations with the very wide spectrum. Tunnel diode 
‘is the super wide-band active element (i.e. by the element, which 
possesses negative resistance in the very broadband). Furthermore, it 
is the element, whose nonlinear properties are retained to the very 


high frequencies. 


Tunnel diodes had extensive application in different areas of 
technology. In the computers on them are fulfilled the high speed 
switching elements, logic circuits, memory elements, etc. The 
application of tunnel diodes in these devices/equipment made it 
possible to substantially decrease their overall dimensions and to 
raise speed. Tunnel diode has a switch time of less than 1 ns; the 
access time, provided by memory units on the tunnel diodes, is 
obtained less than 10 ns, which is considerably less than the access 


time of memory units on the ferrites or cathode-ray tubes [112-120]. 


Great interest cause tunnel diodes in microwave technology. 


Tunnel diodes permit implemention of a generation of the oscillations 
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of virtually any frequencies, up to the submillimeter range. Just as 
! effectively work tunnel diodes, also, in the diagrams of. the 
amplification of superhigh frequencies. Tunnel diode amplifiers 
differ in terms of very small noise level (although exceeding the 
noise level of molecular or parametric amplifier). The fact that the 
tunnel diode retains its nonlinear properties to the very high 
frequencies, are opened/disclosed prospects for its use in detectors 


and converters of microwave oscillations [121-125]. 


In nanosecond pulse technique tunnel diodes are utilized as pulse 
generators with very high repetition frequency, pulse generators of 
subnanosecond duration, high-speed relays, peakers of pulses. They 


are suitable also for amplifying the pulses of short duration. 
Page 365. 


Tunnel diode according to the principle of its action is the 
inertialess device (since the tunnel passage of the electrons through 
the potential threshold does not require the expenditure of time) and 
therefore it is of extreme interest for nanosecond pulse technique 


(126]. 


Together with tunnel diode in pulse technique found use and other 
semiconductor devices with negative resistance. Negative resistance 
possess point-contact germanium diodes of the type DG- Ts4-DG-Ts12 


(section of negative resistance it is located they have on the 


reverse/inverse branch of characteristic), avalanche-type diodes of 
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the type p-n-p, four-layer diodes p-n-p-n, etc. [127]. There are 
also semiconductor three-electrode devices with negative resistance 
[128]. These instruments (in particular, two-electrode and 
three-electrode instruments of the type p-n-p-n), are of interest for 
the nanosecond pulse technique because they are the high-current and 
relatively high-voltage instruments (in comparison with the tunnel 
diode, which it works on the very low stress levels). The application 
of these instruments makes it possible to obtain the powerful/thick 
current pulses, the duration of fronts of which is the units of 


nanoseconds [129]. 
7.1. #OPERATING PRINCIPLE OF TUNNEL DIODE. 


Tunnel diode was discovered by L. Ezaki in 1957 (130, 131]. 
Studying the phenomenon of the internal autoelectric emission of 
electrons in the thin germanium p-n junctions, Ezaki detected the 
anomalous course of the volt-ampere characteristic of diodes with the 
high concentration of admixtures/impurities in the crystal (with the 
concentration of acceptors Naxu= 1,6-10'9 cm-* and concentration of 
donorS Nyu~1l0'" cm7?). The special feature of volt-ampere 
characteristic was the presence of the maximum in the region of the 
positive values of voltage/stress (approximately with 0.035 V. 
Furthermore, this diode possessed larger back conductance, than in the 
straight line. The form of the volt-ampere characteristic of diode is 


shown in Fig. 7.1. As can be seen from figure, diode had 


falling/incident section of volt-ampere characteristic, i.e., in 
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specific range of change in voltage/stress on it it had negative 


differential internal resistor/resistance [132, 133]. 
Page 366. 


As has already been indicated above, crystals from which diodes 
were manufactured, had very high concentration of impurities. With 
this concentration of impurities, thickness of p-n junction was only 
100-150 A. Therefore electric intensity on the transition/junction 
due to a contact potential difference reached value on the order of 
100 kV/cm. Both these facts (large field strength and the small 
thickness of transition/junction) lead to the fact that a certain part 
of the electrons can pass through the potential threshold in p-n layer 


due to the tunnel effect. 


Tunnel effect is quantum-mechanical phenomenon. Its essence 
consists in the fact that the particle, which has total energy W,, the 
lower altitude of potential threshold W,, has different from zero 
probabilities to penetrate through the barrier without a change in its 
energy. This reveals the wave properties of material not observed in 
classical mechanics. Probability that the particle will pass the 
potential threshold, depends on the width of potential threshold and 
its height,In the usual diodes the thickness of junction is such, that 
the probability of the passage of electrons by tunnel effect is 
negligibly small; noticeable tunnel current is observed only then when 
the thickness of transition/junction it decreases to 150-200 A. The 


significant role plays the value of the field strength on the 
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which affects the height of the potential 
threshold, decreasing it 


transition/junction, 


, and also decreasing its width. 
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Fig. 7.1. Volt-ampere characteristic of tunnel diode. 
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Page 367. 
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Fig. 7.2. Characteristic and diagram of zones for tunnel diode (each 
Giagram with numeral it corresponds to position of operating point on 


characteristic of diode). 


Key: (1). Forbidden band. (2). Free levels. (3). Fermi level. 
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In order to explain course of volt-ampere characteristic of 
tunnel diode, let us turn to simple zone diagram. Let us note 
preliminarily that the tunnel passage of electrons is feasible only 
when semiconductor is degenerate. In the degenerate n-type 
semiconductor the Fermi level is located in conduction band, while in 
the degenerate p-type semiconductor - in the valence band. As a 
result the levels in the valence band of p-region higher than the 
Fermi level turn out not to be filled with electrons, while in the 
n-region the levels of conduction band, which lie below the Fermi 
level, prove to be filled. The forbidden bands in this case will be 


strongly shifted relative to each other. 


With zero voltage on diode current, formed by electrons, which 
pass due to tunnel effect from valence band on free levels of 
conduction band, is equal to current of electrons, which pass from 
conduction band to free levels of valence band, and therefore 


resulting current through diode is equal to zero (Fig. 7.2.1). 


If we exert to tunnel diode voltage in forward direction, then 
Fermi levels in p- and n-regions will be displaced and current of 
electrons will from right to left be more than current in opposite 
direction, as a result of which resulting current will be different 
from zero. The position of zones for this case is shown in Fig. 
7.2.2. From the figure one can see that against some of the levels, 
filled with electrons in the n-region, some of the free levels of 


p-region are located, whereas against some of the levels, filled with 
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electrons in the p-region, the forbidden band is located. Shift of 
Fermi levels will increase the electron current from the n-region into 
the p-region will rise in proportion to further increase in the 
voltage on the diode. Fig. 7.2.3 shows the position of zones in the 


case, when tunnel current reaches maximum. 


With further increase in voltage (Fig. 7.3.4) it will seem that 
against some of levels, filled with electrons in n-region, forbidden 
band will be located. Tunnel current decreases. When voltage on the 
diode reaches that value, at which against the filled levels of 
n-region the forbidden band will be located, tunnel current will 
become zero (Fig. 7.3.5). Approximately with the same values of 
voltage in the diode appears the usual (diffusion) current, which 


rapidly increases with an increase in the applied voltage. 
Page 369. 


When bias voltage is applied in opposite direction, electrons 
which pass from p-region into n-region and creating tunnel current of 
reverse/inverse branch characteristics have preferred position. The 
position of zones in Fig. 7.2.6 corresponds to this case. As it 
follows from the figure, with an increase in the voltage/stress 
inverse current continuously increases, so for of the increasing part 
of the electrons, that are located in the p-region, appear the free 


levels in the n-region. 


7.2. THE VOLT-AMPERE CHARACTERISTIC OF TUNNEL DIODE AND ITS 
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APPROXIMATION. 


Volt-ampere characteristic of tunnel diode relates to 
Shaveetvervetica of N-type (or first class). The manager of variable 
in instruments with such characteristics is voltage (Fig. 7.3a). At 
the same time there are instruments, which possess the volt-ampere 
characteristic of S-type (or the second class). An example of this 
characteristic is shown in Fig. 7.3b . Current is the controllable of 
variable in such instruments. They include, for example, four-layer 


diodes, examined/considered further. 


Fig. 7.4a gives graph/diagram of dependence of internal 
differential resistor/resistance of tunnel diode on value of bias 
@ 
voltage. As can be seen from this graph/curve, with voltages less 


than U,, the internal resistor/resistance of diode is positive. 
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a) b) 
Fig. 7.3. Volt-ampere characteristics of elements with negative 


resistance of N-type (a) and S-type (b). 
Page 370. 


With U=U, the resistor/resistance of diode goes to infinity and with 
further increase in the voltage becomes negative. The value of 
negative resistance of tunnel diode is not constant. With a certain 
value of voltage/stress corresponding to the maximum speed of a change 
in the current, it has minimum value, and then it begins to increase, 
being turned with infinity with U=U,. At high values of voltage the 


internal differential resistance of diode becomes positive. 
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Fig. 7.4. Dependence of differential resistor/resistance (a) and 


differential conductivity of tunnel diode (b) on bias voltage. 
Page 371. 


The internal resistor/resistance of tunnel diode is positive with the 
negative values of voltage. It is characteristic that for the tunnel 
diode its resistor/resistance at negative values of voltage is less 
than at positive values. Thereby tunnel diode is not unipolar (or 
Girected) element like usual diodes. The explanation to this special 
feature of tunnel diode is easy to obtain from the examination of zone 
diagram. Fig. 7.4b gives the dependence of the internal differential 


conductivity of tunnel diode on the bias voltage. 
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Together with internal differential resistor/resistance of tunnel 
diode it is possible to examine its direct-current resistance R, This 
resistor/resistance is equal to the ratio of voltage/stress to the 
current at any point of volt-ampere characteristic. The 
resistor/resistance of tunnel diode to direct current is the 
resistor/resistance, which it exerts power supply. In Fig. 7.5 is 
given the dependence of direct-current resistance of tunnel diode on 
the voltage on the tunnel diode. From the figure one can see that in 
section U,-U,, within of which tunnel diode possesses negative 
differential resistance, its direct-current resistance sharply 


grows/rises. 


é/l 
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Fig. 7.5. Dependence of resistor/resistance of tunnel diode to direct 


current on bias voltage. 
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Resistance Rx is always positive, since with respect to the power 


supply tunnel diode is always the user of energy. 


Need of obtaining analytical expression for volt-ampere 


characteristic of diodes appears during research on the schemes on 


tunnel diodes. 
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Fig. 7.6. Approximation of volt-ampere cheracteristic of tunnel 


diode by dog-leg functions. 
Page 373. 


By the easiest method of the approximation of characteristic is the 
replacement of objective parameter polygonal function - the so-called 


dog-leg approximation. 


Fig. 7.6a shows example to approximation of characteristic by 
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three segments of lines, carried out according to following rule. The 
first straight line connects points O and A, the second of point A and 
C and the third of point C and B. The inclination/slope of these 
straight lines gives the averaged differential resistor/resistance of 
diode in section [0, U,], which let us designate k,,, in the section 
(U,, U.] - R, and in the section [U,, U,] let us designate Ry». Using 
another method of the approximation of characteristic the third 
straight line, given in Fig. 7.6b, it is carried out as tangent to 
the ascending branch of characteristic at point B. Asymmetry of the 
volt-ampere characteristic of tunnel diode gives in certain cases to 
the need for resorting to the approximation with its four line 
segments, as shown in Fig. 7.6c. In this case the second and fourth 
sections/segments are conducted as tangents to the linear sections of 
the descending and ascending branches of characteristic before the 
intersection with the third section/segment, which is conducted in 


parallel to the axis of abscissas at level I=I,. 


Sharply pronounced nonlinear characteristic of tunnel diode makes 
dog-leg approximation little effective. Actually, with this 
approximation the dependence of the resistor/resistance of tunnel 
diode on the voltage/stress is represented by the step function, shown 
in Fig. 7.7, and very distant from the real dependence, represented in 


Fig. 7.4a. 
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| 
Fig. 7.7. Dependence of internal resistor/resistance of tunnel diode 


on voltage/stress with approximation of volt-ampere characteristic by 


dog-leg function (see Fig. 7.6a). 
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At the same time, as this will be evidently from the following, during 
the calculation of diagrams on the tunnel diodes, in particular 
relaxation oscillators, the basic value, which determines the pulse 
duration or repetition period, is the value of the resistor/resistance 
of diode in sections [0, U,] and [U,, U,]. It is not surprising that 
the essential disagreements between the theory and the experiment are 
obtained with this approximation. Different results due to the 
different methods of conducting the approximating sections/segments 
are obtained, moreover, from calculations carried out according to the 
methods of different authors. It is necessary also to keep in mind 
that the dog-leg approximation does not make it possible to judge a 
precise form of the generatable oscillations (in more detail this 


question it is examined below). 
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In connection with this in number of cases attempts to 
approximate volt-ampere characteristic are made using functions of 
another form. Thus, B. N. Kononov and A. 8S. Sidorov [134] propose 


to approximate characteristic by the piecewise-exponential function: 


raf (1 —t ‘| Wou --U,<U<U, (7.1a) 
Key: (1). with. 
and 
f=(1,—1,) a+, U,<U<U,. (7.18 
SO a Ga | os pH OY, » «67. 





Key: (1). with. 


Here y is determined experimentally. For the diodes tested by 


the authors it was within the limits of 2.6-2.8. 


Calculation of diagrams on tunnel diodes, whose volt-ampere 
characteristic cannot be represented as dog~leg, is very complicated 


operation. 
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Fig. 7.8. Method of approximation of volt-ampere characteristic of 


tunnel diode. 
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However, the application of computer technology makes it possible to 
perform similar calculations and poses the problem of finding this 
flat approximating function, which in a comparatively simple form by 
the best about would at once describe volt-ampere characteristic. One 
of such methods consists in the replacement of real volt-ampere 
characteristic by polynomial, in this case for the sufficiently good 
representation of the properties of characteristic it is necessary to 


take the polynomial of fifth degree. 


Another approximation method of volt-ampere characteristic of 
tunnel diode consisted of following [135]. It was established that in 
the region of negative resistance the curve, which expresses 
dependence ln (I/V) in the function of the applied voltage/stress, is 
straight line. In connection with this it was proposed to approximate 


the characteristic of tunnel diode by the function 
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I= 1,+/,,= Ave" + Ble” — 1). 
In this expression /, represents tunnel current, and Loe 
diffusion current. In Fig. 7.8 solid line showed the volt-ampere 
characteristic of tunnel diode, and dotted line ~ components of full 


current according to the given formula. 


If U<U,, then second term can be disregarded/neglected and then 
i Ale or in(/,/U) == In A— aU. After constructing dependence In(/,/U) on 
U, which is straight line, is easy to find a as the angular 
coefficient of straight line, and ln A - as the section/segment, 
intercepted/detached by it on the axis of ordinates. With U>U, it is 
possible to disregard the first term and to count /=/,=Bl|e’’--1] or 
In/,,~InB+0U. After constructing straight line in/,=/(U), it is possible 
to determine values b and ln B. The authors indicate that the 


accuracy of a similar approximation is better than +10%. 
7.3. EQUIVALENT DIAGRAM OF TUNNEL DIODE. 


Equivalent schematic of tunnel diode for small amplitudes (and 
when operating point it is located in falling/incident section of 


“volt-ampere characteristic) is given in Fig. 7.9. 
Page 376. 


In this figure the part of the diagram, encircled by dotted line, 


represents the equivalent diagram of p-n junction; - R, is negative 
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resistance of tunnel diode at the operating point, and C, - transition 
capacitance. R, is the so-called resistor/resistance of spreading. 
This is a resistor/resistance of the mass of semiconductor. 

Inductance L, is the inductance of loadings of tunnel diode. Values 


R,, Co, R, and L, are the parameters of tunnel diode. 


As it was possible to see in given earlier Fig. 7.4a, negative 
resistance of tunnel diode is not constant value, but to a great 
degree it depends on voltage/stress applied to tunnel diode. 
Therefore depending on the position of operating point on the 
volt-ampere characteristic the value of negative resistance will be 
different. This fact should be considered during the analysis of 
diagrams on the tunnel diodes (in particular, during the analysis of 
stability of amplifier circuits). Transition capacitance so is the 
value, voltage-sensitive on the diode. However, with a change in the 
voltage on the diode within the limits from 0.1 to 0.5 to a change in 
the capacity/capacitance do not exceed 15-20% and therefore in the 
majority of the cases capacitance value of transition/junction in the 
equivalent diagram is counted constant and equal capacity/capacitance 


with U=U,. 


Three parameters of tunnel diode: 1L,,C, and Rr, are parasitic, 
and their values as far as possible they try to decrease. Actually, 
as it follows from the equivalent diagram (Fig. 7.9), the tunnel 
diode between the external terminals/grippers is not purely active 


inertia-free negative resistance - R, and certain impedance 7, . 
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Fig. 7.9. Equivalent schematic of tunnel diode for small amplitudes. 
Page 377. 


The presence of the scattering resistance R, decreases the value of 
negative resistance (in terms of the absolute value). Capacitance of 
C, shunts negative resistance; the presence of this capacitance does 
not make it possible for voltage on the tunnel diode to change 
abruptly. The presence of inductance L, in exactly the same manner 
and gives to tunnel diode inertial properties, without 
allowing/assuming an abrupt change in the current through the diode. 
The parasitic parameters subStantially worsen/impair the 


high-frequency properties of tunnel diode. 


For examination of effect of parasitic parameters on high- 
frequency properties of tunnel diode let us turn to its equivalent 


diagram. 


Its input resistance 


Zux = Rs + jvls ae zZ, (7.2) 


ro 
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where Z - resistance of junction, equal to 


Fos Soa ee (7.2a) 


is one of most important values, which characterize properties of 
tunnel diode, 


Substituting (7.2a) in (7.2), we obtain 


Zoe (® = Tea) a (ve. a ace } (7.3) 


1 + w?C2 R* 1+ w*CiR? 


The active part of the input resistance of tunnel diode can be both 
the positive and negative depending on the relationship/ratio between 
the circuit parameters. At the frequency, equal to zero, real part 


Z,,; Will be negative, if R,>R,; with other all frequencies the 


condition of negativity ReZx is recorded then a 
oe 7.4 
R< 1+ wC2R?* v9) 


It follows from this formula that with increase in frequency 
satisfaction of condition ReZ,,<0 becomes complicated, since it 


requires smallness of values R, and C,. 
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Inequality (7.4) can be resolved relative to frequency. The 
frequency, at which the active part of the input resistance of tunnel 
diode becomes zero, it is called the cut-off frequency: 

1 Re 
ro= sane W (7.5) 

When R,=R. fp=0 and diode not at what frequencies possesses 

negative resistance. Cut-off frequency defines, to what limits (in 


the frequency) tunnel diode taking into account its parasitic 


parameters behaves as negative resistance. 


Analysis of formula (7.5) shows that input resistance of tunnel 
diode is negative in a wider frequency band, the less its parameters 
R, and C,. It follows from the formula that the cut-off frequency 
grows/rises with the decrease of negative resistance proportional to 


root from R,. 
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Fig. 7.10. Graph of input resistance of tunnel diode. 
Page 379. 


Active component of input resistance and cut-off frequency do not 


depend on inductance L.. 


Upon inclusion of tunnel diode in diagram it is necessary to keep 
in mind that its parameters change due to effect of network elements. 
Parameters lL. and &s grow/rise due to inductance and capacitance of 
jumpers (or due to the inductance coils and resistor/resistance 
specially included in diagram). The presence of unavoidable backs-out 
resistor leads to increase in R,. All these reasons lead to the fact 
that the critical frequency of tunnel diode in the diagram is obtained 


below its natural critical frequency. 


Cut-off frequency is one of fundamental indices of suitability of 
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tunnel diodes for work as super wide-band device/equipment (generator, 


amplifier). 


Input resistance of tunnel diode 7Z::() can be represented on 
plane (R, jX) in the form of curve, shown in Fig. 7.10. If inductance 
Ls was equal to zero, then curve would take the form of 
semicircumference. At the frequency, equal to zero, the 
representative point lies/rests to the left of the axis of ordinates 
and has coordinates [R:—Ro, 0]. At the infinite frequency when /,=0 the 
representative point lies/rests to the right of the axis of ordinates 
and has coordinates {R., 0. The presence of inductance changes the shape 
of the curve, giving to it the form, shown in the figure by solid 
line. Point of intersection with curve with the axis of ordinates 
gives cut-off frequency, i.e., that frequency, at which the active 
part of the input resistance becomes zero. The frequency, at which it 
is turned into zero reactive parts of the input resistance of tunnel 
diode, it is called the resonance frequency of tunnel diode. It is 


easy to obtain from formula (7.3) that 


a a Gace he 7.6 
f yes = on Vv EG, E CR: i: ( ) 


Equivalent schematic of tunnel diode, given earlier, is mixed 


series-parallel diagram. 
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In a number of cases it is desirable to have either purely consecutive 
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or purely parallel equivalent circuit. Series circuit of the 
substitution of tunnel diode is depicted in Fig. 7.11. In this 


diagram 
R i+ w’C2R? 


oT 1 wtC2R2* 8 CR? 


In other cases to more conveniently use the parallel equivalent 


circuit, shown in Fig. 7.12. In the parallel diagram 


pa tele py _ Rel 
Nga ee 


Diagrams given above were valid for the small signal level. 


Gat 
SK 


During the analysis of the processes, which occur in the diagrams on 


the tunnel diodes, when the amplitude of oscillations cannot be 


considered small, it is necessary to take the schematic of the 


substitution of tunnel diode in the form, represented in Fig. 7.13. 


On this diagram the p-n junction is substituted by capacitance C, and 


nonlinear element N, the current through which is connected with the 


voltage applied to it with dependence I=o(U), where o(U) - equation of 


the volt-ampere characteristic of tunnel diode. 


Gas 
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Fig. 7.11. Series circuit of substitution of tunnel diode. 


Fig. 7.12. Parallel schematic of substitution of tunnel diode. 


Fig. 7.11. Fig. 7.12. | 
| 





Fig. 7.13. Schematic of.substitution of tunnel diode for large 


amplitudes. 
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7.4. PARAMETERS OF TUNNEL DIODES. 

~~ 

Let us become acquainted now with parameters of tunnel diodes, 
entering its equivalent diagram, but so with some properties of tunnel 


diodes about which it was not mentioned earlier. 


Tunnel diodes, as has already been spoken, differ from usual 
diodes in terms of very high concentration of admixtures/impurities. 
Therefore the properties of tunnel diodes, their parameters and 


characteristics first of all depend on impurity content. Described in 


G26 


DOC = 88076722 PAGE ‘ 


[136] is the experiment, which showed that, by changing the degree of 
the alloying of semiconductor, it is possible consecutively/serially 
to switch over from typical tunnel diode to usual semiconductor diode. 
The falling/inci¢ent section on the volt-ampere characteristic of 
tunnel diode is formed only if concentration of admixtures/impurities 
in such semiconductors as germanium or silicon, has a value of 
approximately 103° cm-*®. With this concentration germanium (or 
Silicon) is the degenerate semiconductor and in the diode the tunnel 
passage of electrons can be observed. The value of negative 
resistance of diode is inversely proportional to the probability of 
the tunnel passage of electrons. fn turn the probability of tunnel 
passage depends substantially on thickness of p-n junction, i.e., from 
the width of the potential threshold. The higher the concentration of 
admixtures/impurities, the less the thickness of transition/junction 


and, therefore, the less the value of negative resistance. 


Table, which shows dependence of value of negative resistance and 
time constant of tunnel diode from electron concentration in n-region 


for some specimen tunnel diodes, is given to [126]. 


Increase of concentration of admixtures/impurities in 
semiconductors for decreasing negative resistance of tunnel diodes is 


limited to solubility of elements in germanium or silicon. 
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Table 7.1. 


oe 


«) (2) 


Ryo. OM RoCo, nce¥ 











99 
4,5 
| 


2,4 101 
3,0 1019 
4,8 1019 





4,5 
0.9 
0,05 





Key: (1). eee ohm. (2). eee ns. 
Page 382. 


Thus, critical solubility in germanium of n-type comprises for P(>10?° 
cm-?), As(1.8+10?° cm-?), in germanium of p-type for Ga(5*10?7° cm-*), 
for Al(4*107° cm-*). Besides germanium and silicon for producing the 
tunnel diodes are utilized also SiC, InSb, GaAs. Tunnel diodes from 


gallium arsenide cause the greatest interest at present. 


Second fundamental parameter of tunnel diode is capacitance of 

p-n junction. This capacitance is greater, the higher the 
concentration of admixtures/impurities in the semiconductor. Increase 
in the concentration of admixtures/impurities, which thereby leads to 
the decrease of negative resistance, gives undesirable effect in the 
form of an increase in the transition capacitance. From Table 7.1 it 
is evident, however, that the decrease of negative resistance occurs 
more rapidly than an increase in the transition capacitance, so that 
the time constant of tunnel diode decreases with the increase of the 
concentration of admixtures/impurities. Value C,R,, as we shall see 
further on, determines the high-frequency properties of tunnel diodes. 


As already mentioned earlier, thickness of p-n junction in the tunnel 
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diodes composes 100-150 A. With this thickness the transition 
Capacitance reaches the very significant magnitude of 5 uF/cm*?. With 
the diameter of transition/junction 38 u its capacitance will be 100 
pF [126]. Therefore for obtaining the very small transition 
capacitances it is necessary to substantially decrease the area of 
transition/junction. In this case respectively increases negative 
resistance of diode. As it will be shown below, there are tunnel 


diodes, whose capacitance comprises fractions of picofarads [137]. 


Resistor/resistance of spreading R, for tunnel diodes ranges from 
portions to units of ohms (in certain cases value R, it can be and 
more). Inductance 4, is determined by the construction/design of 


tunnel diode. Usually it is portions or units of nanohenry. 


Besides parameters enumerated above tunnel diodes are 
rated/estimated so by value of maximum value of tunnel current, by 
position of maximum, "solution/opening" of characteristic and by some 


other indices. 


Although penetration probability of electrons through potential 
threshold due to tunnel effect is sufficiently small, strength of 
tunnel current through transition/junction can be very considerable. 


The density of tunnel current is 10? A/cm? [126]. 
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Therefore in the sufficiently large area of transition/junction the 
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strength of maximum current in the tunnel diode can reach the units of 
amperes [136]. However, in this case respectively grows/rises 


transition capacitance. 


For high-frequency tunnel diodes strength of maximum current I, 
is portions or units of milliamperes. The strength of maximum current 
increases with an increase in the concentration of 
admixtures/impurities. In this case an increase in the degree of the 
alloying of n-region increases the maximum value of tunnel current, 
without changing the position of maximum, but an increase in the 
degree of the alloying of p-region it increases the maximum of current 
it displaces its position into the region of the high values of 


voltage. 


One of characteristics of tunnel diodes is value of ratio of 
maximum current I, to minimum current I,. The greater this relation, 
the sharper the drop in the volt-ampere characteristic of tunnel diode 
in the region of negative slope/transconductance. The value of ratio 
I,/I, is determined in by material, from which is manufactured the 
diode. It comprises 3-4 for Si and 40-70 for GaAs. It follows from 
given data that from the point of view of obtaining the larger value 
I,/I1, the best material is gallium arsenide, and worst - silicon. 

They are interested also in the voltage at which is reached current 
I,, i.e., by value U, of the component of 30-50 mV for GaSb and 90-120 


mV - for GaAs. 
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By “opening” of volt-ampere characteristic of tunnel diode is 
understood voltage difference AU between two points of 
characteristics, current in which is equal to I, (see Fig. 7.6). The 
greater this value, the greater, in particular, the drop in the 
voltage removed from the tunnel diode in the mode of switching. It is 
approximately 200 mV for GaSb and 600 mv for GaAs. More detailed data 


for different materials are cited further in table 7.2. 


With work of tunnel diode as switching element together with time 
constant 7r=C,R, (it it is equivalent to reciprocal value of quality of 
tube) are interested in value ratios I/C,, which does not depend on 
area of transition/junction, but it depends only on concentration of 


admixtures/impurities. 
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For germanium I,/C,; is 0.3-1 mA/pf, for silicon - approximately 0.5 
mA/pf and for gallium arsenide of 10-15 mA/pf. In this respect 
gallium arsenide is also the most promising material for producing the 


tunnel diodes. 


Parameters of tunnel diodes enumerated above are given in Table 


7.2 [138] and 7.3 [137]. 


It follows from Table 7.2 that the smallest time constant, equal 
to 0.5°10-'? s, is possessed by tunnel diodes from indium antimonide. 


Such tunnel diodes can successfully be used in the high speed 


ee ee ee a Py de 
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electronic computers; however, they have the deficiency, that they can 
3 . work only at low temperatures. Table 7.3 gives data of the special 

superhigh-frequency tunnel diodes, which have very small transition 

Capacitance. In the last column of table the critical frequency of 


tunnel diodes is given. 


Let us pause now at dependence of parameters of tunnel diodes on 
environmental factors, such, as temperature, emission, etc. As is 
known, the parameters of transistors and usual semiconductor diodes 
strongly depend on temperature. Temperature effect on the properties 


of tunnel diode is characterized by a certain peculiarity. 


Ne 


63a 
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Table 7.2. 
a 2) @® @ (3) 

Seiten ue Uy, me set ‘is | RCo. Cex 
— 
InSb _ _ _ 7—10 [0,5 107" 
‘Ge 40—70 | 270—350| 280 10—-15 |0,5 10-° 
GaSb 30—50 | 200—250; 200 15—20 )0,1 10-* 
Si 80—110 | 400—500; 400 3—4 |0,2 10-* 
GaAs 90—120 | 450—700} 580 | 40—70 |0,1 10-° 


Key: (1). Material. (2). ... mv. (3). «... S. 














Table 7.3. 
gv y | | (4) 
Marepnaa Sm Om Re Cy. nw | frp [24 
N-Ge 190 6 0,24 18,5 
P-Ge 16 | 4,5 | 0,13 52,5 
P-GaaAs 220 | 40 0,04 38 
N-GaAs 350 | 20 0,027 70 


Key: (1). Material. (2). ... ohm. (3). ... pF. (4). «©... GHz. 
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Tunnel diodes on the strength of the fact that the semiconductor in 
them is degenerate and Fermi level remains in conduction band or in 
the valence band for regions n- and p-type respectively even at very 
low temperatures, they can work even at a temperature of liquid 
helium. It is shown in [136] that a change in the temperature of 


diode from -193 to +200°C does not lead to a change in position U of 


ee Ce 


the maximum of tunnel current; very current strength is changed in 


this case not more than by 20%. 


With an increase in temperature of tunnel diode increase in 


635 
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diffusion current begins. The minimum current of diode I, increases 
because of this and value I,/I, decreases. The size/dimension of the 
falling/incident section of volt-ampere characteristic is decreased 
and at a certain temperature entirely disappears. The maximum 
temperature, at which tunnel diode still retains its properties, is 
equal to +250°C for Ge, +400°C for Si and +600°C for GaAs [136]. 
Thus, tunnel diodes differ from other semiconductor devices 


considerably in terms of the broader band of operating temperatures. 


Tunnel diodes are characterized by also high permissible 
intensity of radioactivity. The characteristics of silicic and 
germanium tunnel diodes noticeably deteriorate during irradiation by 
their fast neutrons with a density of 10*”’ neutrons/cm’ or by 
electrons with the energy 7 MeV at the density of flow 10'"’0e/cm?. As 
a result of irradiation the strong increase in the minimum current, 
which leads to the disappearance of the section of characteristic with 


the negative slope/transconductance, occurs. 


Speaking about advantages of tunnel diodes, it should be pointed 
out that they consume power, approximately by an order smaller than 
transistors, and they are also characterized by small overall 


dimensions and weight. 


At conclusion of present section let us pause at some questions 


of measurement of parameters of tunnel diodes. 
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Removal/taking volt-ampere characteristic of tunnel diodes can be 
realized with the aid of automatic voltampere recorder, whose 
schematic diagram is shown in Fig. 7.14 [139]. It is the bridge, one 
of arms of which consists of tunnel diode TD and resistor/resistance 


R,- 
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Resistor/resistance R, must be lower than the minimum (on the 
modulus/module) value of negative resistance of tunnel diode for 
guaranteeing the stable operation of diagram. Special attention 
should be given the inductance of the holder and the 
resistors/resistances would be being brought to the minimum. The 
alternating voltage from the generator of low frequency is introduced 


in the diagonal of bridge. 


Before removal/taking of volt-ampere characteristic bridge is 
balanced with off diode. After the switching on of tunnel diode 
voltage 4“ will vary in proportion to the current through the tunnel 
diode, and 4 will be voltage on the tunnel diode. Amplifying 
voltages “i and “ and supplying the first of them to the those the 
vertically deflecting, and the second - to the horizontal deflectors 
of oscillograph, we will obtain on the screen/shield the curve, which 
expresses the dependence of the current through the diode on the 


voltage on it, i.e., the volt-ampere characteristic of tunnel diode. 


With the aid of system described above it is possible to conduct 
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Measurement of differential resistor/resistance of tunnel diode in any 
section of characteristic [139]. For this purpose into the diagonal 
of bridge is introduced the source of bias voltage and the source of 
alternating voltage §& of low frequency (so that it would be possible 
to disregard/neglect the reactive/jet circuit parameters). The 


amplitude of alternating voltage must comprise not more than the units 


of millivolts on the tunnel diode. 
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Fig. 7.14. Diagram for removing/taking volt-ampere characteristic of 


tunnel diode. 
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Balancing bridge on alternating current, is found the 


resistor/resistance of the arm, in which the diode is included: 


sas RR 
Rusu on RX +R,’ 
Rown R ? ° . 
whence R= — RR where A: Ry+R., Re - resistor/resistance of 


spreading, and R,- resistor/resistance of diode. In the 


falling/incident section of characteristic R&i<0. 


7.5. Stability of the diagrams, which contain tunnel diodes. 


Since diagrams, which contain elements with negative resistance, 
are potentially inclined to self-excitation, let us examine question 
about stability of diagrams on tunnel diodes. In § 7.4 there were 
established concepts of the cut-off frequency of tunnel diode f/m. at 
which it is turned into zero active parts of its input resistance, and 
resonance frequency fw. at which it is turned into zero reactive parts 


of the input resistance. 
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It is obvious that if cut-off frequency 


eel a7 Re. 
fo=aer VR: l 


will be equal to resonance 


tam by (ae) 


the at frequency’ /r: the resistance of the circuit, formed by 
parasitic parameters of tunnel diode, will be equal to zero. Tunnel 
diode will be unstable, i.e., will spontaneously generate sinusoidal 


oscillations. Equality /» and fs means that 


L, 
R= Re 


So that tunnel diode would be stable it is necessary that 
du 2 : 
Fpen > frp or Rs >L,/RC,. But if iF ea = frp or R= RC. then tunnel diode 


will be unstable. 
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If external elements of network (inductance, effective 
resistance) are connected to tunnel diode in the manner that it is 


shown in Fig. 7.15, then it will be the stability condition of diagram 
E 
R> RG: 


where 
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R=R, + Rey L =: L, + Luu. 


It follows from this formula that switching on/inclusion of 
inductance raises danger of self-excitation of diagram on tunnel 
Giode. Therefore during the construction of diagrams on the tunnel 
diodes it is necessary to take special measures for decreasing the 


inductance of the jumpers and other parts. 


Let us turn again to diagram, represented in Fig. 7.15. The 
processes, which occur in this diagram, can’be described by the 


differential equations 


i=C,H+9(u), LE+Ri+u=E. 


Here i - current of duct/contour; u - voltage on tunnel diode; 
o(u) - equation of volt-ampere characteristic of tunnel diode. 

In state of equilibrium, when alternating voltage components and 
current will be absent, 


i=9(4), Ritu=E. 
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Fig. 7.15. Circuit diagram of elements of external circuit. 
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These equations determine points of intersection with load 
Straight line with volt-ampere characteristic of diode. Equation of 


the load straight line 


? ! i 
jam put Ee 


It is obvious that depending on value of load resistor/resistance 
and voltage of source of bias/displacement position of load straight 
line with respect to volt-ampere characteristic of diode can be 
different. Fig. 7.16a shows the case, when load straight line 
intersects volt-ampere characteristic in the falling/incident section, 
moreover so that the inclination/slope of full-load saturation curve 
is more than the inclination/slope of volt-ampere characteristic. 

Fig. 7.16b shows the case, when the value of bias voltage is 
undertaken either small or large, so that full-load saturation curve 
intersects volt-ampere characteristic only at one point in the section 


with the positive slope/transconductance. | 
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Fig. 7.16. Position ef load straight line with respect to volt-ampere 


characteristic of tunnel diode. 





Up v 
Fig. 7.17. Approximation of section of volt-ampere characteristic of 


tunnel diode. 
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Finally, Fig. 7.16c gives the case, when load straight line intersects 
volt-ampere characteristic at three points. These points indicate the 
position of equilibrium of system. It is known for [84] that if the 
load straight line has one point of intersection with the volt-ampere 
characteristic, then the state of equilibrium is stable, and if three 
points of intersection, then end states are stable, and average - 


unstable. 
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We linearize volt-ampere characteristic of tunnel diode in 
section with negative slope/transconductance (Fig. 7.17), after 
assuming 


: i= j,— 27% 


° R, 


Then the system of equations, which describes processes in the 


diagram, will take the form: 
: du “ ; 
i ae ae tlio te) 
LOR tu=E. 


Substituting second equation into the first and converting, we 
obtain 
_, di L di ,R-R,. 
Last (ae R) at Re i= 


= Ree (te = E+ Rji,). 


General solution of this equation takes form 


i= Aje™ + Ae! + 2— 4s— Rel 





R—R, : 
where 
_tf_t_ _R . 7 R\__1/R 1 \3 
a= 3 (RE tei we('—k) (t-Re:) ° 
Assuming/setting 
Sop bi, Sete __ R 
. “¥ic,* SOR Cans R,’ 


we obtain 
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| + . 5 
Aus = 74 (1 —wytiff =— = ap — 434)? - 


a 
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Fig. 7.18 depicts diagram of stability, which has four zones. If 
the circuit parameters are such that the values n and 6 corresponding 
to them fall to zone I, then in the diagram the excitation of 
sinusoidal oscillations will be observed. The sinusoidal damping of 
oscillations corresponds to the parameters which fall into zone II. 
Zone III is a zone of exponential damping of oscillations, while zone 
IV - the zone of an exponential increase in the oscillations. This 
zone is of greatest interest from the point of view of the generation 


of relaxation oscillations. 


Let us assume that relation = O.5, and let us explain effect of 
parameter 6 on processes, which occur in diagram with tunnel diode. 
With the change 6 from 0 to 0.52 (to these values of the parameter 6 
at those fixed/recorded R, and C, it corresponds the greatest value of 
inductance L) in the diagram occurs aperiodic instability, i.e., 


diagram can work as switch or as relaxation oscillator. 
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0,5 


0 





Fig. 7.18. Diagram of zones of stability and instability of diagrams 


on tunnel diode. 
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With a decrease of inductance (5>0.52), the equilibrium in the diagram 
remains unstable, but the form of the generatable oscillations 
acquires sinusoidal nature. “with an even smaller value of inductance 
(6>1.5) the state of equilibrium becomes stable and the randomly 
emergent in the diagram oscillations attenuate. With this 
relationship/ratio of the parameters the diagrams on the tunnel diodes 


are utilized for amplifying the oscillations. 


Thus, from diagram examined it follows that with R>R, state of 
equilibrium of diagram is unstable with any relationships/ratios of 
parameters. With R<R, the state of equilibrium can be both the stable 
and unstable depending on the value of inductance L. Let us note that 


the equation curved, dividing zones I and II, takes the form 
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Vo 
= q wu R= 


L 
C Re “ 





Key: (1). or. 


This curve is boundary, which divides zones of stability and 
instability. So that the diagram would be stable it is necessary that 
R>cR: This conclusion was already obtained earlier of the simple 
physical considerations. The examination of the zones of stability 
and instability shows that the range of a change in value R, in which 


the diagram remains stable, lies/rests within the limits 


R>R> oR: 


7.6. BISTABLE FLIP-FLOP ON THE TUNNEL DIODE. 


Bistable flip-flop is diagram on tunnel diode, for which must be 
carried out condition R>R,. To the mode of the work of bistable 
flip-flop corresponds such position of full-load saturation curve with 
“respect to the volt-ampere characteristic, in which they intersect at 
three points. Bistable flip-flop is utilized for converting the 
oscillations of sinusoidal or other form into the sequence of 


steep-sided pulses. 


Simplest schematic of bistable flip-flop is given on Fig. 7.19 


and consists of tunnel diode TD and resistance R (power supply is not 
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shown). 
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With the work of tunnel diode as the switching element should be 
distinguished the mode of switching current, which occurs with the 
load resistance/resistor, close to negative resistance of diode at 
operating point R,, and the mode of switching voltage, which occurs 
with R>>R,. In the first case a considerable change in the current 
through the tunnel diode occurs, and flip-flop has high sensitivity to 
the input voltage; however, the amplitude of output voltage is 
comparatively small. In the second case a change of the current is 
small, the sensitivity of flip-flop proves to be low, but the 
amplitude of output voltage has the significant magnitude. Usually in 


the impulse circuits the mode of switching voltage is utilized. 


Process of impulse shaping from sine voltage is shown on Fig. 
7.20. As can be seen from the figure, the steep-sided pulses are 
obtained at the output of diagram, although their form strongly 


differs from rectangular. A negative drop/jump in the pulses is less 


than the positive. 





a 
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Fig. 7.19. Diagram of bistable flip-flop. 
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Fig. 7.20. Process of impulse shaping in bistable flip-flop. 
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The pulse duration at the output of the diagram is determined by the 


frequency of sine voltage, and amplitude - by characteristic of tunnel 


diode. 


From point of view of possibility of obtaining maximally narrow 
pulses via their subsequent formation from pulses, developed by 
flip-flop, there is greatest interest in determination of duration of 
fronts. The switch time of flip-flop on the tunnel diode is 


determined only by the elements of its network, since the tunneling 


J 
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junction of the electrons through the potential threshold can be 
considered inertia-free. This property of tunnel diodes differ 
Significantly them from other semiconductor devices. In the mode of 
switching voltage in the form of the smallness of a change in the 
current it is possible to disregard the effect of its own inductance 
of tunnel diode; therefore switch time will depend only on transition 


capacitance. 


During analysis of work of bistable flip-flop the fundamental 
question is the determination of switch time of tunnel diode, which 
assigns steepness of pulse edges at output, and also operating speed 


of flip-flop, i.e., frequency of switchings. 


Above has already been indicated that tunnel passage of electrons 
through potential threshold does not require expenditures of time; 
therefore switch time of tunnel diode is completely determined by its 
parasitic parameters. In the case, when tunnel diode works in the 
mode of bistable flip-flop, its full-load saturation curve is 
arranged/located with respect to the volt-ampere characteristic in the 


manner that it is shown in Fig. 7.21. 
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Fig. 7.21. To explanation of process of switching flip-flop. 
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(Let us note that here for convenience in the graphing there is 
undertaken the mode of switching current; everything said completely 
relates below also to the mode of switching voltage). Operating point 
in initial state is in position A. Then to the diode is supplied the 
Slowly increasing voltage, under the action of which the operating 
point passes from A to B. From this time on diagram it. considers to 
itself given. Since position B is unstable, then the operating point 
abruptly passes from B to c. The formation of the front of output 
pulse occurs at this moment of time. If diagram did not contain 
reactive/jet elements, then the transition from position B to position 
C would be completed instantly. Under the actual conditions to this 
transition/junction the time, called the time of straight/direct 


Switching, is required. 


After operating point fell into position C, it spontaneously is 





apn rer 
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moved to position D. This state of equilibrium is stable, and in it 
diagram can be found the unlimited time. In computer technology the 
first stable position of flip-flop (point A) is counted for zero, and 
the second stable position (point D) - for one. In order to transfer 
flip-flop from the state, characterized by position D, into the state, 
characterized by position A, it is necessary to decrease the voltage 
on the diode, so that the operating point could pass to position E. 
Hence it spontaneously abruptly will pass to position F, and then in 
A. The time required for the transition/junction of operating point 


from E to F is called the time of reconnection of diode. 


For realization of reconnection of diode it is necessary that 
converted voltage would decrease so that voltage on diode would become 
e 
less than U,. In the computers for this purpose the negative dumping 


pulses are supplied. 


Let us examine in more detail process of straight/direct 
switching. In the mode of switching the voltage of point C and D they 
lie/rest very closely to each other, and therefore we will not take 
into consideration transit time from C to D. Therefore, it is assumed 
that the current through the diode virtually is not changed during the 


switching. 
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At the moment of time t=0, which corresponds to the beginning of 


switching diode, the operating point is located in position B and 
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entire current, developed by source, is the current of diode I,. Let 
us note that the voltage of source in the case, when diagram works in 
the mode of switching voltage, is sufficiently great; it is equal to 
the voltage, which corresponds to the poinc of intersection with the 


straight line AD and axis of abscissas. 


Voltage on diode and, therefore, on capacitance of C, is equal 
U,. As soon as voltage on the diode it will exceed value U,, begins 
the charge of capacitance of C,. The charge of capacitance of C, 
becomes possible because with an increase in the voltage on the tunnel 
Giode its current decreases. Therefore appears certain spill current 


ic=i—la which goes to the charge of capacitance. 


Process of charge of capacitance is developed avalanche-like. As 
soon as small the charging current begins to flow through the 
capacitance, voltage on the capacitance grows/rises. The increase of 
voltage causes reduction in current through the diode and increase in 
the current through the capacitance. Voltage/stress on the 
capacitance begins still more rapid, which leads to an even larger 
increase of charging current, etc. The avalanche-like increase of 
voltage on the capacitance (and, therefore, on the tunnel diode) 
occurs until with an increase in the voltage on the capacitance 
grows/rises the current of charge, i.e., until the voltage achieves 
value U,. In other words, the avalanche-like process in the diagram 


on the tunnel diode lasts until tunnel diode is negative resistance. 
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After the voltage on diode achieved value U,, voltage on 
capacitance continues to increase, since through it current of charge 
continues leak. However, the strength of current of charge now no 
longer increases, and it decreases with an increase in the voltage, 


and therefore rate of voltage rise on the capacitance falls. 


It is easy to see, that rate of voltage rise on capacitance or, 
that it is more clearly, time, required for increase of voltage on one 
volt, is different for different sections of curve. At point the V 
current of the charge of capacitance is equal to zero; therefore if at 
the moment of time t=0 input voltage does not exceed the value of 
voltage U,, then operating point will be unlimitedly for long located 
in this position (on the assumption that in the diagram they are 


absent are electrical fluctuations). 
Page 397. 


In order to displace operating point from this position, it is 


necessary that the starting voltage would exceed value U,. 


Fig. 7.22 shows time characteristics of tunnel diode [140]. 
Depending on the value of the overvoltage (i.e. the values, which 
show, to how much voltage of starting/launching it exceeds value U,) 
the retention time of operating point in the vicinities of point B is 
different. This time is called the delay time of functioning, and it 
is the greater, the less the value of overvoltage. However, as far as 


very switch time is concerned, it barely depends on the value of 


DOC := 88076722 PAGE “32. 


overvoltage. 


It is not difficult to explain the course of these graphs/curves. 
As has already been said earlier (chapter 5), avalanche-like processes 
are characterized by the fact that at the initial moments of the time, 
when the changing value of voltage is low, its change occurs with the 
very low speed and for achievement with this value of any level long 
time is required. After the changing value achieved certain, 
sufficient large, value, it begins to grow/rise at a very high speed. 
Supply to the diode of the starting voltage, which exceeds voltage U,, 
is necessary for an increase in the voltage of up to the level, on 


which the speed of its change would be sufficient large. 


Let us now move on to timing of switching [134]. 
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Fig. 7.22. Form of frontal part of voltage pulses on tunnel diode 


with different values of value of overvoltage. 


Key: (1). overvoltage. 
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At the moment of time t>0 the current of the charge of capacitance 


(Fig. 7.23) 


where E ~ value of voltage, which corresponds to the point of 
intersection with the straight line AD and axis of abscissas. Rate of 


the increase of voltage on the capacitance 


~ du _'e 


dC 


The time, during which this voltage will change from value U, to U,, 


is equal 


GS5Y 


DOC = 88076722 PAGE “S®. 


u% 
fas =e da. 
fo 
Y 


Let us designate through AU difference U,-U, and we will consider 
that pulse edge is formed/shaped in period, required for changing 
voltage on capacitance from value U,+0.1AU to value U,-0.14U. Then 


Uy O,taH 

a 

to =C ree 
U,+0,14U0 


Let us consider that /.=/,—i,, where ‘, is approximated by function 
(7.1a). 
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Figs: 14232 Fig. 7.24. 
Fig. 7.23. Determination of switch time. 


Fig. 7.24. Dependence of mn y¥. 
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After substituting this expression into the formula for (¢», we will 





obtain 
U,—0,1aU 
d 
fo=C | " u—thqyy (1) RoC, 
2 
mo [fre] ] 
Uy4d,1su : f 





where m(y) is certain coefficient. The graph/diagram of dependence of 
mon y is given in Fig. 7.24. With y=3.6-2.8m=2, whence the duration 


of the front of the positive drop/jump 


ly = 2C Ro. 


To analogous results come other authors [126, 141]. 


Work [140] gives graph/curve, which shows so they are called 
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Switching characteristics of germanium tunnel diodes (Fig. 7.25). It 
is to the right plotted along the axis of ordinates: N - carrier 
concentration in the semiconductor of the type n and p - 
resistor/resistance of a semiconductor of the type n. Along the axis 
of abscissas is plotted the strength of maximum current of diode I, 
and the maximum power P, scattered by diode. To the left along the 
axis of ordinates is plotted the ratio of the maximum current i, to 


capacitance of C, and constant 
AU 
+. C, Th we 2C,Ro, 


representing the switch time of diode. 
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Fig. 7.25. Nomogram for determining parameters of tunnel diode. 
Key: (1). s. (2). mA/pF. (3). e/em? (4). Q/em. (5). pF. 
(6). W. 
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The dependences between the values indicated are expressed by the 
lines, constructed for the different values of the diameter of 
transition (or capacitance C,). It follows from Fig. 7.25 that with 
the capacitance of diode C,=10 pF and I,=50 mA the switch time is 


equal to 0.1 ns. 
7.7. MONOSTABLE FLIP-FLOP ON THE TUNNEL DIODE. 


Monostable flip-flop on tunnel diode represents system, which 
possesses by one stable and one by unsteady states of equilibrium. In 
initial state the diagram is in the steady state; trigger pulse moves 


it into unsteady state, from which it under the action of external 
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we 
reasons comes again into the steady state. For the monostable 
flip-flop on the tunnel diode is characteristic the fact that the 
full-load saturation curve intersects volt-ampere characteristic only 


at one point (see Fig. 7.16b). 


Let us examine processes, which occur in diagram (Fig. 7.26) in 
the case, when full-load saturation curve intersects volt-ampere 
characteristic of tunnel diode at point A (Fig. 7.27). In this state 
on the tunnel diode operates voltage U, and through it flows current 
‘4. Under the action of external voltage (trigger pulse), the full-load 
saturation curve is moved to the right; operating point passes from 
position A to position B, and then rapidly jumps to position C. 
Inductance L, supports the constancy of current at the moment of 
Switching. After migration/jump the operating point begins slowly to 
be moved from position C to position D. At this time the energy, 
accumulated in the inductance coil, gradually is scattered on the 
effective resistance of diagram and the current through the inductance 


decreases. 
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Fig. 7.26. Schematic diagram of monostable flip-flop. 


Key: (1). Starting/launching. (2). output. 
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When operating point falls into position D, it abruptly passes to 
left branch of volt-ampere characteristic to position E. At this 
moment of time begins the increase of the current through the tunnel 
diode and, therefore, through inductance L,. Magnetic energy of 
inductance coil begins to grow/rise; the battery, which feeds diagram, 
is its source. Operating point is moved from E to A. The last 
position of operating point is stable, and in it it is found until 


trigger pulse again enters the diagram. 


Process, which occurs in monostable flip-flop, can be broken into 
four stages. The first, during which operating point jumps from 
position B to position C, is a stage of the formation of the pulse 
edge or straight/direct switching. The second stage, during which the 
operating point passes from position C into D, is a stage of shaping 
of pulse apex. Third stage - the migration/jump of operating point 
from position D into E - the stage of the formation of the 
shear/section of pulse or reconnection (jettisoning). Finally, the 
fourth stage, which corresponds to the transition/junction of 


operating point from position E into A, the stage of 


restoration/reduction. 
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Fig. 7.27. Determination of recovery time t, and duration of pulse t. 
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Process of switching diagram on tunnel diode has already been 
examined earlier; therefore let us now pause only at determination of 
time, required for shaping of apex/vertex (and approximately equal to 
duration of pulse 4), and recovery time ts. We linearize the 

' volt-ampere characteristic of tunnel diode in the manner that it is 
shown in Fig. 7.27. Then the tunnel diode in section CD' can be 
represented as the source of voltage E,, which possesses internal 
resistor/resistance Ry», shunted by capacitance of C, (Fig. 7.28). 
Equivalent oscillator circuit will contain also supply of power E, 
inductance L, and resistor/resistance R. Since the process of the 
displacement of operating point from B in C is comparatively slow, in 
the examination of it it is possible to eliminate the effect of 


transition capacitance C,. 


+ —- 
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aw 
Equation, which is used for determining the pulse duration, i.e., 
transit time of operating point for section CD', in operational form 


takes form [142, 143] 
(PL+R)1 (—)= +11, 


since at moment of time, which corresponds to determination of 


operating point in position C, current I,=I,. Here &, =R+Ra:- 
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Fig. 7.28. Equivalent schematic of monostable flip-flop for stage of 


shaping of pulse apex. 
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The solution of this equation takes the form 








I (p)= ae 1 dy 


R R 
o(o+7'} p+ 
or in another recording 


i= (tg) ages 


and voltage on the diode 


u()= it) Ra, +E, = 


Rul (ft gery 4 SEE Le, 


where 7,=L,/R,. 


Assuming ua(f,)=U, and solving equation relatively ‘. we will have 


i ae 
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U,—E,  E,—U," 
Raa R3; 


ty FT In 


Analogously can be determined recovery time of diagram on tunnel 
diode. Equation for this interval of time according to the equivalent 


diagram, shown in fig. 7.29, will be recorded as follows: 


(pL, +R) I (p) ~- E+ Npl. 


Here R,=R-+R,,, where Ru - resistor/resistance of tunnel diode in 


section EA; I, - current, determined by initial conditions. 
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Fig. 7.29. Equivalent schematic of monostable flip-flop for stage of 


restoration/reduction. 
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Solution of equation takes form 


E Io 


R, R,* 


rt (p+ 7") Pater 





After first cycle of oscillations I,=I, and expression for 


current as function of time will be recorded in the form 


=e) M+ E, 
' 


L 
where %= @ 


Output potential of diagram 


w(t) =i) Ra =[(n— Reb Re | Raw 


For determining the duration of the restoration/reduction of diagram 


let us place “(f:)=U, and mode equation relatively 4: 


fe In Ee 
i es INES Ra 


— sean 
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Fig. 7.30. Shape of pulse at the output of monostable flip-flop. 
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Into this formula enters value Ru. which is determined according 


to characteristic of diode as follows: 


Ray =U,//,, 
then 
t,= 2, In ape 
Shape of pulse at output of monostable flip-flop is shown in Fig. 
7.30. 


Oscillatory period, which corresponds to maximally possible 
frequency of work of flip-flop, will be defined as sum of time, spent 
on shaping of apex/vertex, and time, spent on restoration/reduction of 
diagram, whence 


I 
F <@uS eee 
Make th { ty a 
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Above was examined case, when full-load saturation curve 
intersected left branch of volt-ampere characteristic of tunnel diode. 
Is feasible such operating mode, during which the full-load saturation 
curve intersects right branch. The direction of the motion of 
operating point for this case is shown in Fig. 7.31, and the form of 
the obtained voltage - on Fig. 7.32. Trigger pulse must have negative 


polarity. 


Above has already been indicated that approximation of 
volt-ampere characteristic of tunnel diode by line segments cannot be 
considered satisfactory on high level of signal, which occurs in 
generators. Therefore the conclusions, made on the base of this 
approximation, are very approximate; furthermore, they do not give a 


correct representation about the form of the generatable oscillations. 
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Fig. 7.31. Motion of operating point according to volt-ampere 


characteristic of tunnel diode. 
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Data of calculation in the machine of the form of oscillations for the 
monostable flip-flop taking into account the objective parameter of 
tunnel diode are cited in [144]. Two curves, which present the 

Aen endence of voltage on the tunnel diode from the time with the 
different values of inductance, are given in Fig. 7.33a and b. As is 
evident, the form of these oscillations is distant from that, which is 


shown in Fig. 7.30. 


os 
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Fig. 7.32. Shape of pulse at the output of monostable flip-flop with 





change in poSition of initial operating point. 


«@ 
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Fig. 7.33. Form of output potential of monostable flip-flop upon 


consideration of real form of volt-ampere characteristic of tunnel 


diode. 
Key: (1). H. (2). mv. 
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7.8. SELF-EXCITED OSCILLATOR ON A TUNNEL DIODE. SOME DIAGRAMS OF 


FLIP-FLOPS AND GENERATORS. 


Net ated 
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Self-excited oscillator on tunnel diode differs from flip- flops 
in terms of fact that full-load saturation curve for it intersects 
volt-ampere characteristic in section with negative 
slope/transconductance. Thus, resistor/resistance R<R,; however, the 
inductance of diagram it is undertaken such value, with which the 
state of equilibrium in the diagram is unstable. The equivalent 
diagram of self-excited oscillator with the necessary designations is 


given in fig. 7.34. 


This diagram can be described by system of nonlinear differential 
equations: 
usu, +/R, 
ix: Cy Ut bi, (ty), a 


: ‘di 
u--£ Pea. 


Here i,(u,) - equation of the volt-ampere characteristic of tunnel 


diode. 


Allowing/assuming dog-leg approximation of volt-ampere 
characteristic, it is possible to obtain already known earlier than 
linear equations, which describe behavior of system into process of 
shaping of apex/vertex or in reduction process. The results of 
solving these equations, given in § 7.9, can be used also for 


determining the period of oscillations and duration of the pulses 


formed with self-excited oscillator. 
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Fig. 7.34. 


diode. 





a 





Equivalent diagram of self~excited oscillator on tunnel 
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Fig. 7.35. Shapes of pulses, generated by diagram on tunnel diode, 
depending on position of operating point on volt-ampere characteristic 
(upper row) and in dependence on value of inductance (lower row). 


Key: (1). mv. (2). wH. (3). s. (4). 4H. 
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Therefore, without stopping at the analysis of generator with the 
linearized characteristic, let us give the results of solving the 
system of equations (7.7) in digital computer [144] and it is 
expressed them in the form of graphs/curves (Fig. 7.35). In the upper 
row the diagrams of voltage on the diode in the dependence on the 
characteristic of point on the characteristic of diode, shown in Fig. 
7.36 (on the characteristic of the position of operating point they 


are designated by the numerals, which correspond to the number of 
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figure in the upper series/row), are given, whence it follows that the 
displacement of the position of operating point over the 
characteristic leads to a noticeable change in period and pulse 
duration. This fact cannot be discovered by the theory, which is 
based of a piecewise-broken approximation of the volt-ampere 
characteristic of diode. In the lower row of curves (Fig. 7.35) the 
diagrams of voltage on the diode in the dependence on value L are 
given. With a decrease in the value of inductance the frequency 


rises, and their form approaches sinusoidal. 


Results given above show that form of oscillations in generators 
on tunnel diodes depends substantially on position of operating point 
on characteristic and relationship/ratio of parameters of diode and 
external circuit. This fact indicates that to the conclusions, made 
on the base of the piecewise-broken approximation of the 
characteristic of diode, it is necessary to relate with the 


precaution. 


In [145] is described schematic of monostable flip-flop on tunnel 
diode from gallium arsenide with germanium diode of 
connection/communication. In the diagram (Fig. 7.37) was utilized the 


tunnel diode IN3118 and germanium diode ID3-050. 
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100 200 300 <00° 
Fig. 7.36. Positions of operating point on volt-ampere characteristic 


of tunnel diode. 
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Full-load saturation curve (resistance/resistor of the load of 13 

ohms ) crossed the volt-ampere characteristic of diode at point 
somewhat more left than the maximum of current, i.e., diagram worked 
approximately in the same mode, as the monostable flip-flop, the 
diagrams of voltage for which were given in Fig. 7.33. This diagram 
made it possible to form/shape the pulses of the pointed form, which 
closely coincides with the calculated form, shown in Fig. 7.33a. The 
pulse duration was determined by inductance L. With L=0.33 uwH it was 
approximately 4 ns, also, with L=0.68 wH - approximately 8 ns. The 
authors gave the graph/curve, from which it followed that the pulse 
duration in the sufficiently broad band of a change in the inductance 


is the linear function of inductance. 


Besides diagrams on one tunnel diode are utilized two or more 


tunnel diodes. Fig. 7.38 shows two schematics of bistable flip-flops 


ee Teese imminent nL 
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- the first with the inductive, and the second and with capacitive 
coupling [146]. In the diagram with the inductive coupling supply 
voltage is taken by such, that one of the diodes is opened when the 
other diode is closed. A difference in the currents of two dicdes 
passes through inductance. In state of rest the voltage on the 
inductance is equal to zero. When the input voltage changes over 
diode, opening it, the voltage which closes the second (open) diode, 


appears on the inductance. 


Systems described above were pulse generator circuits with lumped 
parameters. Tunnel diodes make it possible to perform generators, 
.also, with the distributed circuits, since they are coupled well with 


the distributed systems, for example with the strip lines, 


ce athe Mp 


q 
- . ind 


a I a A RI aI a RS Ra SR aE 


tee ee mee 


wen - 


676 


DOC = 88076723 PAGE ‘3a. 





Fig. 7.37. Schematic of monostable flip-flop on tunnel diode. 


Key: (1). Input. (2). Output. 
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Theoretically question about excitation of long line by negative 
resistance was examined by A. Witt as early as 1936 [147]. The 
method given was used [148] for the analysis of generator with the 
tunnel diode. The diagram investigated by it was the section of long 
line, at one end/lead of which were connected they will short circuit 


the diode and supply of power, and the other is short-circuited. 


If the operating point was established/installed in section of 
characteristic of tunnel diode with negative slope/transconductance, 
then in the diagram oscillations were excited. In the general case 


the voltage and current in the generator have very complex stepped 


&7/ 
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form. The simplest forms of oscillations - square pulses of voltage, 
were obtained with the low wave impedance; with an increase in the 
wave shape drag of oscillations became complicated and with p-= took 
the form, which reminds the form of oscillations in the generator with 


the lumped parameters. 


Oscillatory period in simplest case, when form of oscillations is 
rectangular, has minimum value, equal to 4t, (where t, - delay time of 
oscillation with passage along line). Are possible also oscillations, 
also, with the considerably larger period. For practical purposes the 
greatest interest they will represent, apparently, the simplest types 


of oscillations. 


mt se ie 
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Fig. 7.38. Pulse generator circuits on two tunnel diodes: a) with 
inductive; b) with capacitive coupling. 


Key: (1). Input. (2). Output. 
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The authors conducted experimental research, which confirmed the 
forecast theoretically complicated vibration modes. In the line with 
a wave impedance of 75 ohms were obtained the pulses of pointed form 
by duration on the foundation of approximately 50 ns and with an 


amplitude 9.25-0.3 V. 


From point of view of nanosecond pulse technique these results 
cannot consider good; but authors did not set as their goal to obtain 
maximally narrow pulses. In the diagrams the considerably best 
results can be obtained, especially if we replace cable with strip 


line with the low wave impedance. 


Fig. 7.39 gives two practical oscillator circuits of pulses, 
which use cable as time-assigning element [141]. Diagrams on the 


tunnel diodes, using elements with the lumped parameters, are 
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characterized by very low frequency stability. The frequency of the 


vibrations of such generators depends very greatly on a change in 


Supply voltage. 
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a 


Fig. 7.39. Oscillator circuits, which use cable as time- assigning 
element: a) consecutive; b) parallel connection of network elements. 


Key: (1). Cable. (2). uwH. 
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tn the oscillator circuits, which use long lines, the oscillatory 

period is determined by time of landing run of signal along the line 
and virtually it does not depend on a change in supply voltage. In 
the first diagram tunnel diode, supply of power and short-circuited 


cable are. connected in series, and secondly - in parallel. 


Fig. 7.40 gives oscillograms of output potentials of first 
diagram taken for three values of bias voltage: 0.12; 0.18; 0.26 V. 
As can be seen from figure, the oscillatory period virtually does not 
depend on bias voltage. (In the absence of line oscillator frequency 
with this change in supply voltage it is changed approximately two 


times). The duration of the pulse edges is approximately 10 ns, but 


mu 
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we 
it can be reduced during an improvement in the construction/design of 


generator. 
7.9. IMPULSE CIRCUITS ON SEMICONDUCTOR SWITCHES. 


Semiconductor switches consist of three series-connected p-ns 
junction as this shown in Fig. 7.41. Devices/equipment with this 
Structure possess the specific volt-ampere characteristic, represented 
in Fig. 7.42. During the supplying to the diode of positive voltage 
to the p-emitter and negative to the n-emitter, in it there begins to 


flow the current, as in the usual diode. 


me 
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Fig. 7.40. Oscillograms of output potential of generator at different 


values of bias voltage. 
Page 414. 


Differential resistor/resistance of diode with this is very great 
and composes hundreds of megohms. The current grows with an increase 
in the voltage and at the voltage Unp there occurs breakdown 
After breakdown the voltage on the diode falls, and the current rises. 
The section with the negative differential resistance appears on the 
characteristic. When current reaches value Jax, on the diode 
operates voltage Uscr- During the supplying to the changing over diode 
of voltage u>Unp the instrument is changed over into the conducting 


state. “fhe input resistance of the open diode is 0.5-1 ohms. 


Data of some samples of semiconductor switches [149] let us give 


in Table 7.4. 
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Fig. 7.42. Volt-ampere characteristic of four-layer diode. 
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Simplest example of diagram on changing over diode is generator 
of powerful current pulses Fig. 7.43a. Supply voltage E must be more 
than the voltage of switching diode. Resistance R must be such so 


that the current limited to it would not exceed the value of the 
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Current of disconnection. 


With the closed changing over diode 


capacitor/condenser C is charged through resistances R and &,. 





685 


DOC = 88076723 PAGE “2h 


Table 7.4. 


2N2vD — 2N2u0D WX8u6 
(Si) (Ge) 


W 
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Key: (1). Parameters of diodes. (2). Voltage of Switching. (3). 
in. (4). Current of switching. (5). mA. (6). Residual voltage. 


(7). Rated current. 
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Fig. 7.43. Oscillator circuit of powerful current pulses, voltage 


oscillogram on diode (a) and current through changing over diode (b). 
Page 416. 


When potential at point A reaches the value, which corresponds to the 
voltage of switching, the changing over diode is opened. The capacitor 


is discharged on the resistance/resistor of load R, and the changing 
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over diode. In this case the current in the load virtually is 
determined by value Ri. (japacitor discharge continues until the current 
through the changing over diode drops to value /suwa. At this point the 
changing over diode returns to the initial state, and cycle is 
repeated. The diagrams of voltages and currents in the diagram are 
given on Fig. 7.43b. A similar oscillator circuit makes it possible 
to obtain with the low resistance/resistors of load (to 100 ohms) 
current pulses with an amplitude to several amperes with the duration 


of front of less than 10 ns. 


Fig. 7.44 shows schematic of monostable flip-flop with high input 
resistance. High input resistance is provided by the start of usual 
diode, as shown in Fig. 7.44. Starting/launching is conducted by 
pulses of reversed polarity. Fig. 7.45 gives the schematic of 
bistable flip-flop on two changing over diodes. The circuit 


parameters are selected so that 


Ey 1 
elma F< Sauna, Unep>E,> Ey. 


Let us assume that in initial state changing over diode DP, was 
in conducting state. During the supplying to the input of the diagram 
of negative pulse occurs the triggering/opening of the changing over 
diode DP,. Capacitor C begins to be recharged. During the arrival of 
the following negative pulse DP, remains in the conducting state, and 
DP, is cut off. Switch time and off time are the important parameters 


of the changing over diode (Fig. 7.46). 
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Fig. 7.44. Diagram of monostable flip-flop on four- layer diode. 
Key: (1). Jnput. 
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Fig. 7.45. Diagram of bistable flip-flop on four-layer diode. 


Key: (1). Input. (2). Output. 
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Fig. 7.46. Time characteristics of four-layer diode. 
Key: (1). Delay. (2). Front. 
Page 418. 
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This figure gives the oscillogram of a change in the pulse. The time 
of switching on consists of the delay time and time of front. 
According to data [149] time of switching on of 200 ns. For the 
germanium diodes this value composes only of 10 ns, which makes with 
their interesting for the application in the nanosecond pulse 
technique. Their high stability to the overloadings with respect to 


the current is a valuable property of the changing over diodes. 
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CHAPTER EIGHT. 


OTHER METHODS OF IMPULSE SHAPING. 


8.1. Impulse shaping in circuits with nonlinear inductance. 


In pulse technique recently ever wider application find methods 
of impulse shaping with nonlinear inductances, which make it possible 


to obtain "tubeless" oscillator circuits [1]. 


In forming circuits with nonlinear inductance are utilized 
properties of nonlinear dependence B=B(H) of ferromagnetic materials 
(Fig. 8.1). Inductance coils with the ferromagnetic cores in these 
circuits either are the commutating element during the discharge of 
the accumulator/storage of energy or the functions of the fundamental 


forming element are fulfilled. 
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Fig. 8.1. Fig. 8.2. 
Fig. 8.1. Hysteresis loop of material of core. 


Fig. 8.2. Pulse-shaping circuit with nonlinear inductance. 
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Fig. 8.2 gives pulse-shaping circuit with nonlinear inductance, 
which performs role of commutating element. If the core of inductance 
coil L is made from ferromagnetic square-loop material of hysteresis, 
i.e., if B,/Bs is close to unity, then in the process of changing the 
current strength in the coil its inductive reactance will sharply 
change from the very low value (when u=1) to very large (when yu great) 
and vice versa. Consequently, this inductance coil can be a good 
commutating element. In the diagram in Fig. 8.2 reservoir capacitor C 
is charged through choke/throttle L, from the source of alternating 
voltage & With the aid of the constant magnetic biasing the core of 
coil L in initial state is in the mode, which corresponds to point b 


in Fig. 8.1. 


Current i., which increases strength of field H in core of this 
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coil, flows/occurs during a charge of capacitor C in coil L. 
Therefore grows/rises magnetic permeability of core uw and, 
consequently, also value of inductance L. If condition L>>1l, is 
satisfied, then current i: is small and capacitor/condenser C 
virtually is charged only through coil L,. It is possible to fit the 
parameters of circuit so that the process of charge of capacitor will 
occur in the oscillatory mode in the presence of the resonance of 
circuit with a frequency of f of external power supply. Voltage 


across capacitor in this case changes according to the law 
u=—UQ(1 —e~*') cos Qxft, 


where U - amplitude of the source of alternating voltage; 
@ - energy factor of charging circuit; 


a - attenuation factor. 


Examining only one oscillatory period, it is possible with 


sufficiently high energy factor of duct/contour to record 
u = — UQat cos Qxft. 


For half of oscillatory period voltage across capacitor attains 
maximum value “sax =U/2, and current toward the end of half-period 


becomes equal to zero. 
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With a change in direction of flow the capacitor/condenser begins to 


be discharged, and then to be recharged and to the termination of the 
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oscillatory period the voltage on it attains the maximum value (in the 
absolute value), equal to 7U. The commutation of circuit must be 
realized at this moment and capacitor discharge will begin. When 
capacitor C was charged, current ‘: through the commutating coil first 
increased, reaching maximum to half of the period of oscillations T/2. 
To the strength of maximum current (xaxc must correspond the 
intensity/strength of magnetic field Hm (fig. 8.1). Then for second 
half-period of current variations “:, decreasing up to moment/torque 
t=T, will have small negative value, with which will be created in 
core field strength, which corresponds to intensity/strength at point 
b in curve B(H) (fig. 8.1). In this case sharply falls value of 
magnetic permeability uw and, therefore, inductance L, i.e., commutator 
operates/wears. From this point on, there begins the capacitor 
discharge through the effective resistance of load Ru on which is 
formed/shaped the output pulse. The pulse duration is approximately 


equal to 


ty =0,7R,C. 


For obtaining pulse of nanosecond duration time constant of 
discharge circuit must be small. Furthermore, with the formation of 
nanosecond pulse the time of commutation must compose a total of 
several nanoseconds. This is determined by the properties of the 
material of the core of coil L, i.e., by the form of its hysteresis 


loop in lower curvature. 


In this diagram is formed/shaped pulse, on form which differs 


Tee 
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from rectangular. During the replacement of capacitor/condenser on 
the forming line it is possible to form/shape the pulses, close to the 
rectangular. Pulse repetition rate can be considerable, but porosity 


is virtually not more than hundred. 


Fig. 8.3 give diagram of formation of nanosecond pulses with coil 
of nonlinear inductance as commutating element, differing somewhat 
from preceding/previous [150]. Here the core of coil is prepared also 
from the ferromagnetic material, characterized by the hysteresis loop, 


represented in Fig. 8.1. 
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Sine voltage or trigger pulses with sufficiently steep front can 
be used as a source of starting voltage. Capacitance value C, and 
inductance L, is selected from the condition of obtaining the 
resonance of circuit with the frequency of external source. With an 
increase in current %, taking place through coil L, grows/rises the 
intensity/strength of magnetic field in the core of this coil. With 
an increase in field H the core proves to be in the mode, which 
corresponds to section bc (Fig. 8.1) hysteresis loop. In this case 
sharply grows/rises the inductance of coil L and voltage on it 
u,=Ldi,/dt, voltage on circuit CRy. When field H reaches the value of 
the saturation of core, further increase in the current does not lead 
to an increase in the voltage on coil L, but on the contrary, due to 
the sharp decrease of value L it falls. From this point on, the 


commutator closes discharge circuit and begins the discharge of the 
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small capacitance of C through the load resistance/resistor and the 
low value of inductance 4. The shape of the obtained pulse 
corresponds to the picture of the discharge of the capacitance through 
inductance /um and resistor/resistance 4%. It is desirable so that 
the value Rx would be close to the critical resistor/resistance of 


circuit. 


Approximate computations of this circuit make it possible to find 
dependences for evaluation/estimate of pulse duration in different 
parameters of circuit (Fig. 8.4) [150]. Voltage/stress on load “ is 


determined by the expression 


2 —1/2kRC... W4k—1 ¢t 
uy = — U,.——=—e in 2 
1 sin “oR RC» 


where &==Lum/R°C; Us ~ yoltage across capacitor. 
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Fig. 8.3. Pulse-shaping circuit with commutating nonlinear 


inductance. 
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Fig. 8.4. Dependence of pulse duration from parameters of circuit. 
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For obtaining the pulse of larger slope/transconductance, it is 
expedient to take value k by equal to one, then, after assigning 


duration of pulse ‘ it is possible to find constant value of time 
R,C. 


If hysteresis loop noticeably differs from rectangular, then to a 
different value of saturation current fiaace will correspond different 


value Law and, consequently, to a certain degree will change duration 


of formed/shaped pulse with constant value &.C. 


With impulse shaping of nanosecond duration in this circuit it is 
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desirable to realize starting/launching of diagram by steep-sided 
pulse and small duration, for example, obtained from blocking 
oscillator. Depending on the parameters of circuit and properties of 
ferromagnetic core the duration of the formed/shaped pulse can be from 
several ten nanoseconds (or more) to several nanoseconds. The impulse 
shaping of smaller duration requires the application of the 
distributed systems, which remove the parasitic circuit parameters, 


and also the use of considerable circuital currents. 


For the normal operation of diagram examined its elements must 
satisfy following requirements: 

a) trigger generator must have high resistor/resistance; 

b) starting velocity must be considerable; 

c) capacitor/condenser C must have small capacitance in order to 
have time to be loaded to considerable voltage, but simultaneously 
sufficiently large so as to ensure necessary power during its 


discharge, when pulse is formed/shaped. 


In similar diagrams as cores of commutating inductance coils can 
be utilized ferrites with right-angle hysteresis loop, whose data are 


cited in Table 4.1. 


Besides functions of commutating element nonlinear inductance can 
perform role of forming element. In this case the properties of the 


material of the ferromagnetic core of coil determine not only 


triggering time of device/equipment, but also shape of pulse. 
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Fig. 8.5 gives the diagram of the formation of the nanosecond pulses 


of high voltage with the spark discharger as commutator [151]. 


Capacitor C is charged through resistor/resistance of R from dc 
power supply E. The breakdown occurs after the admission of trigger 
pulse to the radial deflection terminal of spark discharger P and 
capacitor/condenser is closed to the discharge circuit. In the lower 
position of switches the capacitor/condenser proves to be locked 
directly to the ferrite element. The conductor of the considerable 
section (with diameter to 20 mm) with a length of about 40 mm with the 
ferrite rings put on to it is ferrite element. During the capacitor 
discharge through the conductor of ferrite element is passed current 
as value on the order of 100 a., which creates the magnetic field, 
which saturates ferrite, and its permeability uw proves to be close to 
Bae However, magnetic permeability of ferrite is great with the low 
values of current in the process of its build-up/growth and is great 
the inductance of ferrite element. Therefore, on the inductance the 


voltage pulse by value 


di 
U,=Le (OG 


where L, - inductance of ferrite element with the saturated ferrite, 


appears. 


Depending on type of ferrite time of its switching with assigned 


impulse steepness of current is different. 
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Fig. 8.5. Pulse-shaping circuit with ferrite element and spark 
discharger. 


Key: (1). Unit of starting. 
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Therefore the duration of the formed/shaped pulse with the different 
ferrites proves to be different. For removal/taking and recording the 
voltage pulse in parallel to ferrite element is switched on the ohmic 


divider Rae 


If into the discharge circuit supplementary inductance L is 
introduced besides ferrite element, then is obtained series of bipolar 
pulses with decreasing amplitude, following with natural vibration 
frequency discharge circuit of capacitor/condenser. Capacitance value 
C exerts a small effect on the duration and the pulse amplitude, but, 
changing it, it is possible to regulate the pulse repetition rate and 
their number in the series. Introduction to the discharge circuit of 
the supplementary resistor/resistance R, makes it possible to obtain 


Single pulses. 
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Change in supply voltage leads to change in amplitude of pulses 
and their duration. With an increase in the voltage the pulse 


amplitude increases, and their duration decreases, since ferrite 


reverses magnetism more rapidly. 


For impulse shaping with duration of order of one nanosecond 
similar diagram must be free from parasitic parameters of circuit, 


which requires its appropriate design. 


In diagram with spark discharger it is impossible to obtain 
periodically following pulses of sufficient stability. With its aid 


single pulses or burst of pulses can be obtained. 


Fig. 8.6 gives pulse-shaping circuit of high voltage with 
thyratron as commutating element and nonlinear inductance. This 
diagram can form/shape the periodically following pulses of large 


power [152]. 
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Fig. 8.6. Pulse-shaping circuit with nonlinear inductance and 


thyratron. 
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The capacitor/condenser of small amount of capacitance C (about 100 
pF) in the initial state is charged/loaded through resistor/resistance 
Ra from the de power supply E. The thyratron is triggered after the 
admission of trigger pulse and capacitor/condenser C is discharged 
through the coil of the nonlinear inductance, the thyratron and 


resistor/resistance Rx. 


@oil of nonlinear inductance is winding, plotted/applied to 
toroidal core from ferromagnetic material (supermalloy). On the same 
core is arranged/located the second - output winding, connected with 


the resistance/resistor of load Ru. 


Current, which creates in core magnetic field, which rapidly 
leads it to saturation, flows during capacitor discharge through 
powerful thyratron over coil of nonlinear inductance. For rise time 


of current in the coil and magnetic field in the core magnetic 
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permeability of the latter varies from the value, close to one, to 

high value and then upon the saturation of core it falls to the vaiue, 
close to one. The inductance of output coil for this time also varies 
from low value to large and again takes low value upon the saturation 


of core. 


As a result of this on output winding pulse of approximately 
triangular form is formed/shaped. The pulse duration depends on the 
rate of the magnetic reversal of core, which in turn depends on rate 
of change in magnetic field dH/dt. Depending on the ionization time 
of thyratron, on the strength of its current and value of the 
parasitic parameters of discharge circuit rate of change in the 


current and, consequently, also magnetic fields will be different. 


Use of a powerful thyratron makes it possible to obtain pulses at 


output of diagram by duration about 5 ns with amplitude of 10 kv. 


Accurate fulfillment of mounting (for eliminating parasitic 
circuit parameters), selection of core and thyratron make it possible 
to form/shape in this diagram pulses of high voltage with duration of 


front of less than nanosecond. 


If in diagrams with linear forming lines and by thyratron does 
not succeed in obtaining pulse edge of less than ionization time of 
thyratron, then in this diagram pulse edge due to nonlinear inductance 


can be less than ionization time of thyratron almost to whole order. 
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Calculation of such diagrams is complex, since it must consider 
series/row of nonlinear dependences (nonlinear inductance, nonlinear 
resistance of thyratron), and also process of magnetic reversal of 
core. However, the selection of the optimum mode of operation of 


diagram does not cause experimentally special difficulties. 


Pulse repetition rate in this diagram is determined by thyratron. 
The stability of the sequence of pulses is determined also by 
thyratron and to a certain extent can depend on the core of nonlinear 


coil. 
8.2. Electronic methods of impulse shaping. 


For the formation of nanosecond pulses with very high repetition 
frequency, measured by hundred megahertz, electronic methods are used. 
These methods consist in the fact that from the continuous electron 
stream in the special vacuum devices/equipment form/shape the 
"packets" of electrons, the being short-term current pulses. Current 
pulses, flowing through the load connected to the 


collector/receptacle, isolave on it the voltage pulses. 


There are several methods of formation of short-term bundles of 
electrons; so-called klystron method is most known of them. The 
high-frequency oscillations of the sinusoidal form, created by special 


generator, are supplied to the modulator of vacuum-tube instrument. 
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Electron stream, passing through the modulator, periodically is braked 
or is accelerated by the field of high-frequency oscillator, are 
formed electronic clusters. These clusters are recovered by 
collector/receptacle and create on termination of instrument the 


voltage pulses. 


A pulse generator of klystron type (it would be it is more 
accurately speak about klystron type shaper) differs from klystron 
oscillator in terms of shf by the absence of feedback, and also in 
terms of fact that instead of eueput resonator aperiodic system serves 
as its load (cable). From the description of the operating principle 
of instrument it is evident that the pulse repetition frequency is 
determined by the frequency of the sinusoidal vibrations, supplied to 


the modulator, and can be obtained by very high. 
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Thereby there is obtained the short duration of the formed/shaped 
pulses, which composes part of the oscillatory period. However, as 
far as the amplitude of formed/shaped pulses is concerned, it depends 


on the current strength in the ray/beam of vacuum-tube instrument. 


One of klystron type oscillators is schematically depicted in 
Fig. 8.7 [153]. Sine voltage with a frequency of 210 MHz is supplied 
from high-frequency oscillator 1 of resonator 2. This resonator is 
connected to two grids of electric vacuum tube 3 and creates a 


potential difference 400 V between them. Electron beam, passing ) 
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through the field between the grids, is modulated on the rate. In 
drift space (length of which is equal to 400 mm) occurs electron 
bunching on the density. The formed electronic clusters are recovered 
by the collector/receptacle, which is the continuation of the internal 
core of a 70-ohm cable 4. The external conductor of cable terminates 
by grid, which is located before the collector/receptacle. The 
described diagran made it possible to obtain pulses by the duration of 
0.2 ns. The pulse amplitude, measured by indirect methods, comprised 


the portions of volt. 


Another sample of pulse generator of klystron type was described 
into [154]. Its construction/design took approximately the same form, 
as represented in Fig. 8.7. To the resonator was fed/conducted the 
voltage from the oscillator with an shf frequency of 100 MHz. The 
voltage between the resonator grids was 3000 V; power of approximately 
150 W was fed for maintaining this voltage to the resonator. For the 
heat removal from the collector/receptacle the forced cooling was 


used. 
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Fig. 8.7. Klystron type electronic shaper. 
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The 50-ohm cable serves as a load of oscillator. As experimental 
investigations showed, in this device/equipment is possible the 
impulse shaping with the duration of 0.3 ns (at the level of half 
amplitude). The time of the establishment of pulses (on level 
0.1-0.9) was 0.1 ns. The pulse amplitude at the output was equal to 
15 V, which considerably exceeds the amplitude of pulses, obtained in 


the preceding/previous oscillator. 


For the formation of very narrow pulses tubes with transverse 
beam deflection can be utilized besides klystron type oscillators. 
The principle of the work of this oscillator consists of the 
following. The electron beam is passed between the deflector plates, 
to which is fed/conducted the voltage from the oscillator of shf (Fig. 
8.8). Under the action of this voltage the electron beam completes 
oscillations, passing twice during the period of high-frequency 


oscillation along electrode 3. On the electrode there is a special 


~~ 
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Slot through which they pass the electrons, recovered then by 
collector/receptacle 1, as which the internal conductor of coaxial 


cable can serve. 


Duration of pulses, generated by tube with transverse beam 


deflection, can be calculated by formula 


E 
are sin yy 
ta == ie a ’ 
where E - deflecting voltage, necessary for change-over of ray/beam; 
U - amplitude of radio frequency voltage; 


f - its frequency. 
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Fig. 8.8. Electronic shaper with beam deflection: 1 - 
collector/receptacle; 2 - deflector plates; 3 - diaphragm; 4 - control 


electrode; 5 - cathode. 
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In particular, for sample of tube, in which E=40 V with U=500 in 
and f=10 MHz, pulse duration is obtained equal to 1 ns. Oscillators 
of such type make it possible to comparatively easily obtain pulses by 
the duration of the units of nanoseconds. A small amplitude of output 
pulses, which moreover, decreases in proportion to the decrease of the 
pulse duration, is its deficiency. One of the samples of oscillator 
on a 100-ohm load made it possible to obtain pulses with an amplitude 


0.3-0.5 V for the duration of pulse 1 ns. 


8.3. Impulse shaping by limitation and differeitiation. 


Method of obtaining pulses of short duration by consecutive 
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limitation and differentiation widely is used in pulse technique of 
microsecond range; the same method can find to itself and limited 


application in nanosecond pulse technique. 


Let us examine first question about pulse clipping of nanosecond 
duration. Since pulse clipping on the maximum presents the greatest 
difficulty, let us pause in essence on this problem. The 
electron-tube diodes of usual types in the majority of the cases are 
unsuitable for limiting the nanosecond pulses, since they possess a 
comparatively high internal resistor/resistance and large stray 
capacitance. Therefore for pulse clipping in the nanosecond 
technology are ieiliged either the semiconductor diodes or the 
three-electrode and multielectrode tubes, which possess the large 


ratio of current I, to stray capacitance C,. 


L. V. Gorachev [155] conducted research on the schemes of 
consecutive diode limiter on semiconductor diodes of type DGTs. 
Limiter circuit is given in Fig. 8.9. Pulses enter the limiter on the 
cable, loaded to the effective resistance, equal to wave. At the 
initial moment the diode conducts current, since the voltage of 
positive polarity from source E is applied to it. Limitation level is 
determined by the value of the voltage of source E. Resistance 


plays an important role in this diagram Ra. 
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This resistance, which is the load resistance/resistor, is the 
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resistor/resistance of the limitation of the current, which flows 
through the diode, at the same time. It cannot be less than the value 
of the ratio of the voltage of limitation E to the maximum permissible 
current through the diode. However, as fen as the capacitance C, is 
concerned, it is the parasitic input capacitance of the subsequent 


cascade/stage of diagram. 


Equivalent limiter circuit in general case takes form, shown in 
Fig. 8.10a, where R,; and Cx indicate respectively internal 
resistor/resistance and transfer capacitance of diode. Before the 
arrival of pulse the diode is opened, and since Ra>Ritp and Cu 
then equivalent diagram takes the form, depicted in Fig. 8.10b. The 


voltage 
a P+R, 
fe So Ree 
is established in the absence of. pulse at the output of diagram, 
When to the input of diagram pulse there comes a pulse of 
rectangusar shape, the diode will cease to conduct current, then 


equivalent diagram will take form, shown in Fig. 8.10c.. 
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Fig. 8.10. Equivalent limiter circuits. 
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A drop in the voltage due to the passage of the signal through the 


capacitance of the diode 


Cc Ca 
U,=U, T4Ca HUG 


will appear at the initial moment of time at the output of diagram 
Since Co>C,. Under the ideal conditions during pulse advancing at the 
output of limiter must operate the voltage of limitation E. Actually, 
so that this voltage would be established/installed, for a while, 
determined by product &.C, is required-Output potential of limiter 
will increase according to the law 


our (= E (I sig Ca) 
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and the time of its establishment will comprise 2,2C.R,. 


It is not difficult to conduct timing of establishment of pulses 
at output of limiter. After taking, for example, E=20 in and after 
selecting diode DG-Ts7, let us accept the maximum current through the 
diode 15 mA, which will determine the value of the resistance/resistor 
of load R.=1340 ohms. Assuming/setting input capacitance C,=15 pF, 
we obtain the time of establishment 44 ns. including four diodes in 
parallel to each other, we increase the current-carrying capacity in 


the circuit and obtain fy=!1 ns. 


Considerably best results gives application of junction diodes of 
type DG-Ts23, DG-Ts24, DG-Ts26. Although the diodes of these types 
possess considerable capacitance; however, the negligibly low 
resistor/resistance in the straight/direct passage of current is their 
advantage. As the experiment shows, the limiter on the junction diode 
virtually does not worsen/impair the pulse edge, but only increases 


decay in its flat/plane part. 
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a) Q 
Fig. 8.11. Shape of pulses at the input (a) and output (b) of the 
limiter. 
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Fig. 8.11a shows the input pulse with a duration of 45 ns on half of 
the amplitude, with a duration of the front of 5 ns and amplitudes of 
110 Vv. Fig. §8.11b gives the oscillogram of output pulse on different 
levels of limitation. As can be seen from oscillogram, the pulse edge 


virtually is not distorted. 


Considerably wider application for limitation find vacuum-tube 
circuits, carried out on triodes, pentodes and tubes with secondary 
emission. The suitability of tubes for pulse clipping of nanosecond 
duration naturally escapes/ensues from their suitability for pulsing. 
A limiter-amplifier is formed from the relaxation oscillator during 


interrupting of feedback loop. 


Amplifier-limiters of larger partly are used in output stages of 
pulse generators, in which application of feedback is frequently 
inexpediently due to presence of effective time lag. In the 


oscillator of nanosecond pulses, described into [102], the output 
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stage was limiter on the tube with the secondary emission; its diagram 
was given earlier in Fig. 6.16. N. Ye. Butorin [3] conducted 
research of the amplifier-limiter with the transformer; the diagram of 
this limiter was given in Fig. 8.12. During the use of a tube 6N15P 
(both triodes they are connected in parallel) to its grid was supplied 
the pulse of bell-shaped form with the duration of 45 ns at level 0.1 
and with an amplitude of 120 v. Pulse #,=30 ns with the same 
amplitude, but with the plane vertex with a duration of 10 ns was 
created at the output. During the use of a tube 6S3P in the same 


diagram was supplied pulse f«=20 ns with an amplitude of 110 V. 
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Fig. 8.12. Diagram of amplifier-limiter. 


Key: (1). V. 
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At the output of the diagram there was obtained the pulse of the same 
duration, but with an amplitude of 90 V. The pulse edge was 4-6 ns. 
The pulse of the same duration and amplitude was obtained during the 
supplying to this diagram of pulse s,=8 ns with an amplitude of 80 V 
at the output, but it had a plane vertex with a duration of 4 ns. 
During the supplying to the diagram of flat-topped pulses, it 


shortened front and shear/section of pulses. 


Amplifier-limiters can effectively be utilized for obtaining 
pulses of short duration with high repetition frequency from sine 
voltage. Sinusoidal oscillation consecutively/serially several times 
is limited and is shortened for this (it is differentiated). Pulse 


generator of similar type is described into [156]. This oscillator 
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made it possible to obtain the pulses of nanosecond duration with the 
repetition frequency several megahertz and an amplitude of hundreds of 
volts. In the output stages of similar oscillators one should utilize 
tubes 6P9, 6P13S, GU-29. In more detail about the schematic of this 


oscillator it will be said below in connection with a question about 


pulse shortening. 


Interesting diagram with nonlinear amplifiers, which makes it 
possible to obtain pulses with very steep fronts, was described into 
[157]. The schematic diagram of the basic building block of 
oscillator is given on Fig. 8.13 and 8.14 they are given the diagrams 
of voltages/stresses, which elucidate the operating principle of 
diagram. To the input of transformer and amplifier is supplied a 
negative drop in the voltage with a relatively steep section (Fig. 


8.14a and b). 
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Fig. 8.13. Schematic diagram of nonlinear shaper. 
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The positive drop in the voltage (d), which has the large duration of 
front due to the integrating action of the network RC, is obtained at 
the output of amplifier. At the output of transformer a drop/jump in 
the voltage is converted into the pulse of exponential form (c) (as a 
result of the smallness of the primary inductance of transformer). 
This pulse enters the input of tube L,, whereas a positive drop on the 
voltage enters the input of tube L,; both these tubes are connected in 
series. As a result on the plate load a positive drop in the voltage 


with the steep front is obtained (e). 


Experimental sample of oscillator was assembled on tubes EL 34 
(L,) and PL 81 (L,, L,). Transformer contained 4 turns each in the 


primary and secondary windings. 
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Diagrams of voltages on elements of the shaper. 
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The core was a ferrite ring with a diameter of 23 mm and u,=1300. The 
diagram made it possible to form/shape drops in the voltage with the 
very steep fronts; it would have been possible to obtain pulses with 
the duration in the foundation 3 ns and with an amplitude of 50 V by 


the subsequent. 
Let uS pause now at question of shortening of pulse duration. 


Simplest shortening circuit is capacitive differentiating 
circuit, depicted in Fig. 8.15 and which consists of a capacitor of 
small amount of capacitance C and resistor/resistance R. During the 
supplying to its input of ideal square pulse with drop/jump E at the 
output of the circuits are obtained two exponential pulses, whose 
spread/scope is also equal to E, and the duration, measured at level 


5%, comprises 3RC (Fig. 8.16). 


For obtaining pulses of short duration it is necessary to take 
low parameters of differentiating circuit. Thus, for obtaining the 
pulse with a duration of 6 ns it is necessary to take time constants, 
equal to 2 ns; this it is possible to obtain with C=40 pF and R=50 
ohm. Such values of the parameters are virtually completely 
acceptable; however, in this case for obtaining the pulses of a 
sufficient value the output tube, which works to the differentiating 


circuit, must provide the high strength of output current. 
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Under actual conditions obtaining very narrow pulses is 
complicated by two facts: with final rate of build-up/growth of input 
signal and by presence of parasitic parameters in diagram of 


differentiating circuit. 
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Fig. 8.15. Fig. 8.16. 
Fig. 8.15. Capacitive differentiating circuit. 


Fig. 8.16. Pulses at the output of the differentiating circuit. : 
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Assuming that the input voltage increases exponentially 


t 
ax (t)=E (1 =e 7), 
where E - conservative value of input signal, and 7 - the value which 
characterizes the slope of growth of the signal, it is possible to 
find the waveform at the output from known transient response of 


differentiating circuit. This characteristic takes the form 


Aj=e *, 


where r=RC. With the aid of the superposition integral it is easy to 


determine the output signal, which is expressed equation [2] 





sus ()=E <> (or - o*}: 


Waveform at output of differentiating circuit differs from 


exponential pulse, examined earlier, by fact that it has final 
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duration of front and smaller amplitude. 


Duration of front of output pulse, if we define it on time of 
reaching/achievement of maximum, will be expressed as 


* = 
ty= — ine; 





and amplitude of pulse 








nA\ THF 
Yaw=E @[(2) 


It follows from given formulas that for obtaining narrow pulses 
with sufficiently large amplitude it is necessary to supply on input 
of differentiating circuit pulses, equivalent time constant of which 7 


several times of less than time constant of differentiating circuit. 


Besides the effect of final rate of build- up/growth of input 
signal on shape of pulses at output of differentiating circuit, 
essential effect have parasitic circuit parameters. The complete 
equivalent diagram of the differentiating circuit taking into account 


the parasitic parameters is given in Fig. 8.17. 
Page 438. 


On this figure E - the source of input voltage; R, - its output 
resistance, C,, - the input capacitance of source; C,, - capacitance 
of load (for example, the input capacitance of the following tube); C 


and R - parameters of the differentiating circuit. 


eo FT eg ee 
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Transient processes in differentiating circuit taking into 
account parasitic parameters were investigated by L. A. Meyerovich 


[2], who obtained expression for transient response of this circuit: 


t t 


A()=EM es e *) : 


where 


\ TT. 
4 —— nec 
M “RC: %2— 1 





Th expressions 7, and r, written above - time constants, which 
can be determined according to approximation formulas, 


£,- RC, — 


Q C2 , 
144Gb 
’ oy C? 
t= RC (+ 3+): 


where 


Cc 
C+Cu : 


Cac 
C,=CatCiare: 


C= 


An error in these formulas is less than 10% in such a case, when any 


of the ratios R,/R or C,/C' will be less than 0.5. 
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Fig. 8.17. Equivalent diagram of differentiating circuit. 





3 


2 
% 7 
Fig. 8.18. Transient responses of real differentiating circuit. 
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Form of transient response of differentiating circuit taking into 
account parasitic Savanevers is given in Fig. 8.18 at three values of 
relation r,/7, [2]. The maximum value of pulse at the output of the 
differentiating circuit can be determined according to the 


approximation formula 


EZwuane 
R, CC; ’ 
l4+3+e 


Vaux > 


where value Zy.,,. is depicted graphically in Fig. 8.19. 


Inductive differentiating circuit is another form of shortening 
circuit. During the supplying into this circuit of ideal square pulse 


not its output are obtained the same pulses, as at the output of the 
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capacitive differentiating circuit. However, upon consideration of 
the parasitic parameters the inductive differentiating circuit 


possesses a number of special features. 


In practical diagrams, one of which is given in Fig. 8.20, the 
inductance of the differentiating circuit together with stray 
capacitance forms oscillatory circuit. For obtaining the narrow 
pulses, the critical behavior of the work of the circuit is frequently 


utilized. 
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Fig. 8.19. Fig. 8.20. 


Fig. 8.19. Dependence 2f coefficient Zu... on ratio 7,/T,. 


Fig. 8.20. Diagram of inductive differentiating circuit. 
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In this case edge voltage changes according to the law 


u Hae 


, 


where I - value of current taper in the circuit equal to the 
short-circuit current of tube; 
C, - stray capacitance; 


a=, (R— impedance of ohmic losses in the duct/contour). 


Form of edge stress is shown in Fig. 8.21. Maximum output 


potential of circuit with 


t=VIC, 


U 0,7 4/ wt . 
Make V2 
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' Inductive differentiating circuit has series/row of advantages in 
comparison with capacitive. It makes it possible to obtain the pulses 
of the sufficiently large amplitude, even which exceeds the value of 


supply voltage. 


The inductive differentiating circuit was theoretically 
investigated in [156], where differentiation of current taper with 


final duration of front is examined. 
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Fig. 8.21. Fig. 8.22. 
Fig. 8.21 form of edge stress. 


Fig. 8.22. Diagram of inductive differentiating circuit with diode. 
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It is recommended here to utilize the oscillatory mode of the circuit; 
the optimum value of the energy factor of duct/contour Q=4, and the 
optimum value of the ratio of a drop/jump in the natural oscillations 
T, to the duration of the front of current taper t,=2.7. In this case 


edge stress 


Onaxe =0,1 ifs, 


where I, ~ value of current taper; 


C - capacitance of the circuit. 


For suppression of oscillations after first overshoot 
differentiating circuit can be shunted by diode, since it is shown in 
Fig. 8.22. As the differentiating transformer it is possible to 


utilize ouncer transformer on the ferrite ring (diameter of ring 15-30 ) 


ATT R Te 
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mm; the number of turns 10-20 depending on the pulse duration). One 
of the diagrams of amplifier-limiter with the differentiating 
transformer is given in Fig. 8.23. Resistor/resistance R serves for 


guaranteeing the required (small) energy factor of duct/contour. 
8.4. GENERATION OF RADIO PULSES OF LOW POWER. 
Generation of radio pulses of nanosecond duration in the range of 


superhigh frequencies can be carried out, when period of carrying 


oscillations comprises portions of nanosecond. 
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Fig. 8.23. Schematic diagram of a limiter-amplifier with a 


differentiating transformer. 
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Therefore as oscillators of the carrier frequency are utilized 
klystrons, travelling-wave tubes, magnetrons. Magnetrons are utilized 
usually during the generation of powerful/thick nanosecond radio 


pulses. 


Radio pulses of nanosecond duration of small power initially 
found use because of need for study of plumbing. For the generation 


of such pulses, klystrons and LBV were utilized [158-161]. 


In particular, [158, 159] is proposed and experimentally 
investigated diagram, which works according to following principle. 
From klystron oscillator of the carrier frequency they come the input 
of amplifier on LBV. The amplification of signal occurs only at the 
Moments of acting of front and shear/section of the voltage pulse, 


supplied to the spiral LBV from the pulse generator. This is caused ) 


a 
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by the fact that the amplitude of pulse, supplied to the spiral, 
corresponds to the interval of accelerating voltage, in limits of 
which LBV can amplify. Thus, the duration of output radio pulse 
depends on the jump steepness in the voltage of the nanosecond 
modulating video pulse. However, with this method of generation 


noticeable frequency modulation occurs. 


Another method of generation of radio pulses with the aid of LBV 
is based on sufficiently effective and reliable method of modulation 
on focusing electrode of LBV [160]. Fig. 8.24 gives the dependence of 
power output of LBV on the voltage on focusing electrode Uy. and is 
also shown nanosecond video pulse and selection of its value relative 
to the value of voltage l',. Travelling-wave tube here works in the 
mode of the amplification of the oscillations of the carrier 


frequency. 
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Fig. 8.24. Dependence of power output of LBV on voltage on focusing 
electrode. 


Key: (1). mW. (2). os. 
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A large part of the time of LBV is closed due to the negative 
bias/displacement on the focusing electrode and is triggered after the 
admission to the modulator of the video pulse of positive polarity. 
The duration of the generatable radio pulse is determined by the 


duration of the upper part of the video pulse (Fig. 8.24). 


Fundamental oscillator circuit is given in Fig. 8.25. Modulator 
consists of the input stage of starting (half of L,), three blocking 
oscillators (half of L, and L,, L,), which form the video pulse via 
its consecutive peaking, and the output stage in the form of amplifier 
with the transformer output L,. Video pulse has a duration of 10-15 
ns (on the foundation) and an amplitude to 200 V. The oscillations of 


the carrier frequency from klystron oscillator L, come on LBV of 


: ae 
FY 
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special design [160]. Under the influence of the modulating pulse on 
the focusing electrode of the LBV the radio pulse generates by the 
duration of 6 ns (at level 0.5 of amplitude) and by the power of 600 


mw. 


There is possibility of direct obtaining of nanosecond radio 
pulses with the aid of LBV and modulator [162]. In this case the need 
for separate oscillator of the carrier frequency is eliminated. 
Travelling-wave tube with the self-feedback can oscillate of different 
types (the discrete spectrum of frequencies). To each type of 
oscillations corresponds the interval of accelerating voltage, in 
which this type of oscillations is excited. However, a change in 
accelerating voltage within the’ limits of this interval very weakly 
affects the frequency of the corresponding type of oscillations. 

Since the interval of the values of accelerating voltage, in limits of 
which the LBV generates the specific type of oscillations, depends on 
the strength of the magnetic field of focusing, then, selecting the 
appropriate intensity/strength of magnetic field, it is possible to 
establish/install the necessary width of the interval of accelerating 


voltage. 


Fig. 8.26a gives graphs/curves, which elucidate possibility of 
using dependence of wavelength of oscillations on accelerating voltage 
for generation of nanosecond radio pulses. With a subject on the 
accelerating electrode voltage less than U,, the LBV does not 


generate. 
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500 


Fig. 8.25. Oscillator circuit of nanosecond radio pulses. 


Key: (1). Starting. (2). in. 
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With an increase in the steep front of accelerating voltage it reaches 
consecutively levels of U, and U,. The LBV is excited to period /:. 
for which there occurs a change in the voltage from U, to U,. The 
form of generated thus radio pulse must they will be determined by the 
character of the dependence of the generatable power on a change in 
accelerating voltage within the limits of the range of the excitation 


of LBV from U, to U, (Fig. 8.26b). 


Duration of generatable pulses can be regulated by change in 


steepness of edge of pulse of accelerating voltage. 


For obtaining nanosecond radio pulses in millimeter wave band is 


proposed method, in which are utilized reflections of oscillations, 


A 
DOC = 88076725 PAGE “HY 


which occur in special shf circuit [163]. 


Fig. 8.27 gives diagram, which elucidates principle of shaping of 
radio pulses of millimeter wave band of small power. Radio pulses are 
obtained with modulation of the continuous oscillations, created by 
klystron. Energy of fundamental type continuous oscillations, created 
by klystron 1, enters the input of rectangular waveguide 2, which goes 
around cone-shaped waveguide expansions, then it passes through the 
section with ferrite 3, where occurs the rotation of the plane of 
polarization at angle of 45° and finally it is absorbed by 
semiconductor diode 4, whose resistor/resistance presents the matched 


load. 
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b) * 
Fig. 8.26. Dependence of wavelength of shf oscillations on the 


| 
accelerating voltage of LBV (a) and dependence of power of | 
oscillations on voltage@b), 

| 


Key:. (1). mW. 
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During the action fed to the diode of the short-term pulse of bias 
eolisaw. be 5, there occurs the disagreement/mismatch of diode and 
therefore the reflection from it of shf oscillations appears. The 
supplementary rotation of the plane of polarization on 45° occurs with 
the secondary passage of the oscillations through the ferrite, after 
which the signal through output 6 enters the waveguide, which leads to 


the load. 


In this diagram semiconductor diode is modulating element. After 
the admission of shf oscillations (55 GHz) to the diode, loaded to the 
resistance of 75 ohms, through it the current, which considerably 


reduces the high-impedance resistor/resistance of diode, flows/occurs. 
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Therefore it is possible to match the circuit of diode with the 
circuit of signal and wave reflections it does not occur. However, 
after the admission to the diode besides this pulse of the bias 
voltage of negative polarity with an amplitude of about 5 V occurs an 
increase in the resistor/resistance of the circuit of diode, i.e., 
disagreement/mismatch conditions are created. Thus, for the time of 
action of displacing output potential of diagram is isolated radio 


pulse. 


Pulse-shaping circuit of bias/displacement is given in Fig. 
8.28. Oscillations with frequency of 100 kHz and to amplitude of 
approximately 300 V enter nonlinear inductance coil. Upon the 
saturation of the core of this coil occurs the drop in the voltage, 
which after differentiation is converted into the sharp pulse of 
considerable amplitude, which enters the grid of tube. Due to the 
negative bias/displacement om the grid of tube occurs the limitation 


of this pulse from below. 
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Fig. 8.27. Block diagram of a device for the generation of radio 
pulses in the range of millimeter waves. 


Key: (1). Output. 
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Therefore, on the load with a resistance of about 75 ohms is 
formed/shaped pulse with the duration of 3 ns (on the foundation) with 
an amplitude of about 3 V. Thus, the duration of radio pulses proves 


to be also 3 ns. 


For obtaining nanosecond radio pulses of millimeter range can be 
used another version of modulation [163]. It is possible to utilize 
two waveguide resonators, been connected in series, each of which is 
cut off at the same frequency and is shunted by sharpened silicon 
diode. The resistances of the diodes are great. With a certain bias 
voltage and the total energy losses with the work of resonators are 
approximately 4 dB. With the bias voltage of another polarity of loss 
they grow/rise to 40 dB. Therefore, using constant bias voltage on 
one side and nanosecond video pulses of the proper polarity on the 
other, it is possible to carry out modulation of the shf oscillations, 
which enter from the klystron. This type of modulator does not 


require a precise agreement and therefore little it is sensitive to 
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the insignificant frequency drift of klystron. 


With the application of high-speed semiconductor devices there 
can be obtained other sufficiently simple circuits of modulation for 
formation of low- power nanosecond radio pulses [164, 165]. Radio 
pulses are formed/shaped, for example, with the aid of highest 
harmonic components of a steep edge in the modulating voltage, 


obtained due to the rapid switching of diffusion silicon diode [164]. 





TO 
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Fig. 8.28. Pulse-shaping circuit of bias voltage. 


Key: (1). Output. 
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For this the diode is assembled in the waveguide (Fig. 8.29) and is 
changed over during the supplying of the voltage of frequency to 10 or 
20 MHz. 


In the waveguide oscillations only of very high frequency (8-11 
GHz), which appear at moment of sharp drop in voltage during switching 
of diode into states of direct and reverse conductivities, are 
propagated. From the secondary winding of transformer, which is 
located in the anode circuit of tube, to the diode sinusoidal 
oscillation and bias voltage is supplied. Capacitance C (at the input 
into the waveguide) together with secondary winding of transformer 
forms resonance circuit. The isolated with waveguide radio pulses 


have a duration of approximately 1 ns at the peak power of 0.01 mW and 


the repetition frequency 10 and 20 MHz. 
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In the other version of this device/equipment into waveguide 
tunnel diode, which has very short switch time [165], is placed. As a 
result succeed in obtaining the radio pulses of the millimeter range 


with a duration of about 2 ns. ’ 


At present methods of generation of nanosecond radio pulses of 
small power continuously are improved. Besides different 
installations for the investigation of the circuits of shf and 
circuits of electronic devices such pulses already successfully are 


utilized in the electronic computers with increased speed [166, 167]. 
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Fig. 8.29. Pulse-shaping circuit with waveguide and high speed diode. 
Key: (1). Waveguide. (2). Output of radio pulse. (3). Input. 


(4). or. (5). MHz. (6). Bias on diode. 
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8.5. GENERATION OF POWERFUL RADIO PULSES. 


Magnetron oscillators usually are utilized as a source of 
powerful radio pulses of SHF band.,With the formation of the modulating 
video pulses of microsecond duration are used the modulator circuits 
on the electron tubes or diagrams with the forming lines and the 
thyratron as the commutator, and which frequently are utilized peak 
transformers. Circuits with the forming artificial lines and peak 
transformers are most simple. In this case the shape of the pulse, 
supplied to the magnetron, is determined by the characteristics of the 
peak transformer, which agrees on impedance of the circuit, which 


forms pulses, with the magnetron. 
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Peak transformers, utilized in powerful/thick modulators, have 
insufficient broad-band character and cannot be used with impulse 
shaping by duration considerably of less than 0.1 ms. Application in 
the modulator of the forming circuit without the peak transformer 
leads to the need for having high charging voltage on the line and, 
furthermore, appear considerable difficulties with the agreement of 


circuit with the resistor/resistance of magnetron. 


In Chapter 3 were examined forming circuits, which contain 
non-uniforms circuit of transmission, with the aid of which it is 
possible to lower charging voltage of line and to match modulator with 


oscillator of high-frequency oscillations. 


However, during development of modulators of magnetron 
oscillators, intended for generation of nanosecond radio pulses, 
together with requirements of broad-band character it is necessary to 
consider specific character of excitation of oscillations in 
magnetrons. The requirement of the limited rate of the 
build-up/growth of the modulating voltage on the magnetron is one of 
the special features of the work of magnetrons. Establishment of the 
‘mode, type a different from the oscillations is the final result of 


too rapid a increase of voltage on the magnetron. 
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Limited rate of voltage rise, caused on application of magnetron, 


increases minimum pulse duration, which can be obtained in the case of 


er 


) 
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applying usual type modulators. 


During the generation of nanosecond radio pulses of considerable 
power the so-called pedestal «2thod of modulation of the magnetron 
[39], which removes difficulties, found use. Fig. 8.30 gives the 
shape of the complicated modulating pulse. Pulse consists of pedestal 
Us, and test section Up» The pulse of pedestal has relatively small 
steepness of front, sufficient for the establishment in the magnetron 

‘of oscillations of the type 7. Due to the pedestal, whose amplitude 
composes 0.6-0.8 of amplitude of entire pulse, magnetron generates the 


power of order 5-10% of the nominal power of magnetron. 


After the mode of oscillation point is established/installed with 
the aid of pedestal part of pulse in magnetron, to magnetron there is 
fed a test section of pulse (operating pulse) of nanosecond duration, 
which converts magnetron into mode of generation already at nominal 
power. Since up to the moment/torque of acting the operating pulse 
magnetron oscillates normal type, the rise time of the current of 
magnetron and high-frequency power will be, in essence, limited to the 
parasitic parameters of input circuits of magnetron and to its plate 
capacitance - cathode. This time composes a total of several 


nanoseconds. 


During generation of radio pulses with duration in several ten 
nanoseconds required shape of modulating pulse and necessary agreement 


of modulator with magnetron they can be achieved/reached in modulator 
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circuit with stepped line. In Fig. 8.31 is given the diagram of 
pedestal modulator on artificial lines [39]. The here forming line 
consists of four separate artificial lines with different wave 


impedance. 
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Fig. 8.30. Oscillogram of complicated modulating video pulse. 
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Three lines are included as quadrupoles, and the latter as 
two-terminal network. The first.line, which forms first stage, has 
the smallest wave impedance, and in the subsequent stages it grows 
with an increase in the number of stages. This heterogeneous stepped 
line is intended for the formation of working nanosecond pulse and 
impedance matching of circuit with the resistor/resistance of 
magnetron is This non-uniform circuit is simultaneously a voltage 
transformer. For the impulse shaping of the pedestal the simplest 


Single-section LC-chain is utilized. 


Comparatively long pulse of pedestal through peak transformer is 
supplied to magnetron. The delay time of stepped line must be such so 
that it would correspond to rise time of pedestal pulse to its maximum 
value. At this time the magnetron begins to oscillate fundamental 
type and its dynamic resistance it is reduced and it proves to be that 
corresponding to output resistance of stepped line. The entering the 


magnetron nanosecond operating pulse converts him into the mode of the 


assem en ae 
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generation of total power. As the commutating element in the circuit 
of the impulse shaping of pedestal and in the circuit of nanosecond 


pulse is used one thyratron L,. 
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Fig. 8.31. Modulator circuit with stepped forming line. 
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Fig. 8.32a gives an equivalent schematic diagram of stepped 
forming line, while Fig. 8.32b shows diagrams of voltage into lines, 
which occur with shaping of nanosecond pulse. Stepped line is 
comprised from (n-1) quadrupoles and one two-terminal network. All 
artificial long lines, which make up the stepped line, must have 
identical delay time twW2, where ti— duration of nanosecond pulse, and 


also identical frequency-phase characteristics. 
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Fig. 8.32. Equivalent diagram of stepped forming line (a); diagram 


of voltage in this line (b). 
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Impedances of all artificial lines must satisfy the 
relationships/ratios 


kR(k | \ 
en, = ee Ru, Pn = nan’ 


where k - ordinal number of line, k=1, 2, 3, ..-, (n-1). 


During propagation of wave of voltage along non-uniform circuit 


of transmission at points, where occur for heterogeneity they appear 


reflections, and wave amplitude of voltage, which is propagated in 


forward direction, undergoes change. 
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When thyratron ignites, appears wave of voltage U,, opposite on 
its polarity to voltage F; of initial charge of line. In this case 
lU:|=lEx|. This wave is propagated along the first line with a wave 
impedance of p,. At junction of the first and second line, that have 
wave impedance p, (moreover, p,>p,), appear two waves of the voltage: 
one is propagated along the second line (U,), and the second 
(reflected) it is propagated back to the side of the first line (Fig. 
8.31b). 


Voltage of direct wave can be recorded in the form 


ee Pa 
Uae Pr + 2” 
Voltage of wave reflected, which is propagated in first line, 
will be 


Ui ieee 


These waves, being propagated, create new straight/direct and 


reflected waves (Fig. 8.32b). 


Voltage of direct wave, which is propogated through stepped line, 
grows/rises as a result of gradual increase in wave impedance of 
separate steps/stages. Therefore the resulting voltage of ruilse 
proves to be in n/2 times of more than the initial voltage of the 


charged/loaded line. It is possible to conclude from the given 


Oy 
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diagrams of voltage (Fig. 8.32b) that the delay time of stepped line 
is equal 


t= (n—1)-2 
or in this case (¢,=3/2-f,. 
Page 454. 


Thus, with the aid of diagram in question it is possible to 
satisfactorily coordinate circuit of formation with 
resistor/resistance of magnetron both in initial and in completing 
stage of excitation of oscillations. Furthermore, the application of 
non-uniform circuit makes it possible to reduce initial charging 


voltage of the forming line. 


Pedestal method of modulation of powerful/thick magnetrons is 
convenient in one more sense. Usually after in the process of 
modulation anode voltage on the magnetron will become close to the 
nominal, a change in the voltage sharply affects the value of anode 
current. Therefore in the simple diagrams of modulation it is 
necessary .to remove changes of the voltage on the apex/vertex of the 
modulating pulse. Obtaining flat-topped pulse with high voltages is 
difficult. However, in the pedestal method due to the presence of the 
pulse of pedestal the amplitude of working nanosecond pulse is 
considerably lower than the total nominal voltage of magnetron. In 
other words, with a comparatively noticeable nonuniformity of the 
apex/vertex of operating pulse the relative nonuniformity of the 


apex/vertex of entire modulating pulse proves to be very small. 
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Described diagram with stepped line, which consists of artificial 
delay lines, is insufficiently wide-band, for impulse shaping with 
duration on the order of 10 ns. However, at present appears ever 
larger need for powerful/thick radio pulses with duration on the order 


of 10 ns and even it is less. 


For a certain increase in broad-band character of forming circuit 
as individual lines can be used sections/segments of coaxial cables 
with different wave impedance. It is possible also stepped line to 


replace with the appropriate heterogeneous distributed-parameter line. 


However, at present there are oscillators of nanosecond pulses of 
high voltage, not susceptible to value of load. Such diagrams make it 
possible to easily obtain the reliable agreement of the forming 
circuit with the resistor/resistance of magnetron even under the 
condition for a considerable change of the load resistance/resistor in 


the process of exciting the magnetron. 

Thus, as an oscillator of working nanosecond pulse there can be 
used the diagram proposed by Yu. V. Vvedenskiy (Fig. 3.30b). 
Page 455. 


In this case the impulse shaping of pedestal and operating pulse must 
be realized by different diagrams. Both pulses in the specific 


time-sequential routine must be folded with the aid of appropriate 
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adding circuit. The block diagram of this modulator is represented in 


Fig. 8.33. 


Thyratron can be used as commutating element in each diagram. If 
we consider the great possibilities of diagrams with the commutating 
inductance, used also in the devices/equipment, designed for obtaining 
of powerful pulses, then can prove to be permissible the replacement 
of thyratrons by these inductance, which will considerably raise the 


reliability of entire device/equipment. 


Besides method of obtaining radio pulses examined via modulation 
of the shf oscillator, there is proposed a new method of formation of 
powerful nanosecond pulses [168]. This method is based on the use of 
an effect of the build-up/growth of energy in the circular resonator, 
connected by couplers with the waveguide, on which is propagated the 
shf energy from the continous wave oscillator. Into the circular 
resonator the energy enters from the fundamental waveguide and 
gradually it increases. If the energy of shf oscillations with the 
aid of the high speed commutator accumulated in the circular resonator 
is derived to the load, then radio pulse is formed on it. The peak 
pulse power depends on the energy accumulated in the circular 
resonator; and its duration is equal to the length of ring, divided 
into the group velocity of the waves, which are propagated in the 


ring. 
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Fig. 8.33. Block diagram of modulator. 
Key: (1). Oscillator of operating pulse. (2). Synchronizing unit. 
(3). Adding circuit. (4). Magnetron. (5). Pulse generator of 


pedestal. 
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For usual rectangular waveguide, which works in the relation of - 
critical wavelength to the worker, equal to 1.4 or 1.5 pulse duration 
into one nanosecond corresponds to the length of ring in 25.4 cm. The 
duration of the front of radio pulse is determined in essence by 
triggering time of the commutating element. The specially developed 
gas-discharge instrument, controlled by external trigger pulse, is 
utilized as the commutating element. Time of commutation of 
approximately 2-3 ns. By this method were obtained radio pulses by 


duration about 10 ns with a peak power of 1 MW. 
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CHAPTER NINE. 
AMPLIFICATION OF PULSES. 


The amplification of pulse oscillations is one of the most 
complex problems of nanosecond pulse technique. As is known, the 
possibilities of electron tubes in the gain ratio of oscillations with 
the wide spectrum are rated/estimated by the cut-off frequency of tube 


in the schematic of the resistance-coupled amplifier 


iva ee (9.1) 


where S - mutual conductance of tube at the operating point; 
C, - stray capacitance, which is folded from the input and output 


capacitances of tubes. 


Cut-off frequency of tube is that frequency, at which 
amplification of resistance-coupled amplifier becomes equal to one. 
It is necessary to keep in mind which under actual conditions f/f, is 
less than the calculated due to supplementary stray capacitance, which 


appears during the installation of tube into the diagram. 


Amplifier can fulfill its functions only if upper cut-off 
frequency of spectrum of amplified oscillations fi</w. Otherwise of 
component the oscillations, whose frequency is above fp, will be not 


amplified but attenuated. All amplifiers utilized in the amplifier 
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technique of microsecond range work under condition fs</fm. The special 
feature of the amplification of oscillations in the nanosecond pulse 
technique is the fact that in the majority of the cases the higher 
frequency of the epectein-wt the amplified oscillations is more than 


the cut-off frequency of tubes. 
Page 458. 


This fact led to the need for the creation of the special methods of 


amplifying the oscillations of nanosecond duration. 


However, not only effect of stray capacitance impedes 
amplification of oscillations with very wide spectrum. At very high 
frequencies a sharp drop in their input resistance due to the effect 
of the inductance of introductions/inputs and final rate of the 
flight/span of electrons is a very essential deficiency in the tubes. 
The incidence/drop in the input resistance of triple-grids amplifier 
with the high slope/transconductance causes the need for the 
replacement by their triodes of shf, which are characterized by high 


input resistance, and so the use of special circuit diagrams. 
In recent years for amplifying pulse fluctuations of small 
amplitude they began to widely use semicondvctor devices, in 


particular, tunnel diodes. 


9.1. Operation of the tube in the super wide-band amplifiers. 
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In order to rate/estimate behavior of tube in the range of very 

high frequencies, which seizes pulse spectrum of nanosecond duration, 

in its equivalent diagram it is necessary to consider not only stray 


capacitances, but also stray inductances of introductions/inputs. 
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Fig. 9.1. Equivalent diagram of pentode. 
Page 459. 


Fig. 9.1 gives the equivalent diagram of pentode, comprised for the 
range of superhigh frequencies [169]. Cyn and Cen designate the 
capacities/capacitances between the anode and the tube panel and the 
grid and the panel; remaining elements are designated in the figure. 
It is necessary to note that for the very narrow pulses the tube 
already cannot be considered as a lumped system; therefore the diagram 


given in Fig. 9.1 is insufficient strict. 


As the theory and experiment show, greatest effect on input 
admittance of tube exerts inductance of cathode introduction/input 
L,;. Equivalent amplifier circuit taking into account cathode 
introduction/input is given in Fig. 9.2; diagram is comprised for 
alternating current. At the very low frequencies, at which it is 
possible to disregard lx. the input impedance of a tube carries purely 
reactive/jet (capacitive) character. The input current /. leads the 


input voltage [,, on the phase on 180°. At the higher frequencies 
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presence L, leads to the fact that the phase angle between j/7,, and 
U.. decreases. This means that the input impedance of a tube is no 


longer purely reactive/jet, and it contains active component. 


Input impedance of a tube at high frequencies can be represented 
in the form of parallel-connected of input capacitance C,, and input 


admittance Ss (or Rm) (Fig. 9.3). 
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Fig. 9323 Fig. 9.3. 
Fig. 9.2. Equivalent amplifier circuit taking into account inductance 
of cathode introduction/input. 


Fig. 9.3. Diagram of substitution of input circuit of tube. 
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V. I. Siforov [170] showed that these values can be expressed as 


follows: 
Cyy C, +C,, Gy, -- CL, S,,0?, 


where C, - grid capacitance - cathode; 
C, - capacitance control electrode - screen of stack; 


S: - mutual conductance of cathode current. 


As it follows from formula, value of active input admittance 
grows/rises proportional to second degree of frequency, i.e., it is 
more rapid than capacity susceptance. Therefore for the very high 
frequencies the negative effect of the increase of active input 
admittance is manifested more strongly than the effect of capacity 


susceptance. 


76/ 
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Expression for active input admittance can be represented also in 


the form 
° Geax = AP, 


where A-=48'°C,LiSx— parameter, which characterizes tube. 


Taking into account also inductance of introduction/input of 
screen grid 4. it is possible to obtain that [170] 
Gey = (SxC, Ly — S3C,L,) 0’, 


where S,-- mutual conductance of screen current. 


As it follows from this formula, presence of inductance in 
circuit of screen grid decreases active input admittance. Installing 
additionally inductance into the screen circuit, it is possible to in 


effect 2-3 times decrease input admittance. 


Final rate of electron motion leads to the fact that at very high 
frequencies in tube appears supplementary input admittance, which can 


be determined according to formula [170] 
Gay = kS,2° w?, 


where k - coefficient, which considers geometry of tube; 


T— electron transit time from cathode to control electrode. 


During design of pulse amplifiers of nanosecond duration with 


band into hundreds of megahertz it is necessary to compulsorily 
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consider incidence/drop in active input lamp resistance. Value R,, is 
given usually in the manuals; for triple-grids amplifier with the high 
slope/transconductance in the range 100-200 MHz it composes hundreds 


of ohms. 


Page 461. 


9.2. Traveling-wave amplifier the principle of operation of 


amplifier. 


As already was mentioned above, in the case, when higher 

frequency of spectrum of signal /, exceeds cut-off frequency of tube 
fiw amplification of oscillations in usual diagrams becomes 

impossible. The parallel connection of tubes does not change 
position, since it does not lead to an increase in /,,, and the series 
connection of stages gives a negative result. In order to obtain 
sufficiently high amplification factor in the case, when the factor of 
amplification of separate cascades/stages is lower than one, it is 
necessary to carry out an addition of the output voltages/stresses (or 
the same as the addition of the factors of amplification of separate 


cascades/stages). 


To carry out addition of output voltages/stresses is possible 
with the aid of building-up principle. Building-up principle consists 
in the addition of the pulses, which arrive at different moments of 
time. So that any device could accumulate pulses, it must possess the 


ability to memorize them, and then to summarize. Pulse oscillation at 
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the input of storage device/equipment is usually series from the N 
pulses of identical form, which follow after each other with quasi 
period T; the delay time of the memory element of storage 
device/equipment is selected by equal T. As a result of the process 
of accumulation the output pulse will be in N of times more than input 
and it will retard with respect to the first input pulse on the period 
(N-1)T. This time is called storage time. Building-up principle 
widely is utilized for amplifying the oscillations of the shf in the 
so-called circular resonators. Let us note that an increase in the 
amplitude of voltage on the reactive/jet elements of series circuit in 
the presence of the resonance is also based on the use of building-up 


principle. 


@ 
Building-up principle can be realized with the aid of many 
systems, one of which is subdivided delay line, loaded on rings to 
effective resistance, equal to its wave. Line consists of N-1 


sections, each of which possesses delay time, equal T. 
Page 462. 


The first of the input pulses is fed to the input of entire line, the 

second - to the input of the second section, the third - to the input 

of the third section and so on up to the latter, which is supplied for 
the load. As a result of this distribution of the feed ends of pulses 
each of them is delayed in the line accurately by this time interval, 

on what it anticipates/leads latter/last pulse in the series. As a 


result of this all pulses come for the load, which is located at the ) 
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end of the line, simultaneously and store/add up on it. 


In a description of the work of storage device/equipment given 
above discussion dealt with pulse train, which follow through specific 
time interval. Under the actual conditions the amplifier must amplify 
pulses with the most varied repetition periods, including single 
pulses. In order in these cases to realize building-up principle, the 
schematic of accumulator/storage must be supplemented with the diagram 
of multiplier. Multiplier is the device/equipment, which converts 
single pulse into the series fromthe n pulses, which follow one after 


others with quasi period T. 


Simplest multiplier can be ‘subdivided delay line, which consists 
of N-1 sections and loaded to wave impedance for eliminating 
reflections. From the beginning of line and end/lead of each section 
the removals/outlets, whose total number is equal to N, are taken; the 


delay time of pulse T in each section is equal. 
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Fig. 9.4. Diagrammatic representation of traveling-wave amplifier. 
Page 463. 


Passing along the line, input pulse consecutively/serially appears at 
the end of each section after time T, i.e., is formed the 


quasi-periodic sequence of pulses. 


Traveling-wave amplifier is schematically depicted in Fig. 9.4. 
It is the combination of the nultiplier, whose role performs grid 
line, and the accumulator/storage, whose role performs plate line. 
The conclusions/outputs of grid line are connected to the appropriate 
points of the plate line through the tubes. During the supplying to 
the input of this system of single pulse it is propagated along the 
grid line, consecutively/serially appears at the grids of tubes, is 
amplified by them, it is isolated in the anode circuits of tubes and 
moves further to the right and to the left along the plate line. The 
pulses multiplied in the grid circuit come to the right end of plate 
line simultaneously, and to the left end - with the retardation to 2T 


one with respect to another. As a result on the load, which consists 
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on the right end of the line, all pulses are stored, up, which is 


equivalent to the addition of the factors of amplification of tubes. 


Thus, system as a whole first converts one pulse into series of N 
pulses, amplifies each of them separately and then it summarizes 
intensive pulses. Above has already been indicated that the 
amplification is possible when the cut-off frequency of tube f,, is 
more than the higher frequency of the spectrum of amplified 
oscillation fi. If /.>/y. then with the permissible nonuniformity of 
the amplitude-frequency characteristic of amplifier its amplification 
is less than one. The use of building-up principle makes it possible 
to carry out amplification of oscillations, also, in this case, since 


the resulting factor of amplification of the diagram 
K, = Nk,, 


where K, - factor of amplification of tube in the diagram. 


Since load of tube is equal to = Pas where »,— wave impedance of 
plate line of delay (coefficient of 1/2 is caused by the fact that 
line is connected to tube to the right and to the left), then factor 


of amplification of tube in diagram X=", and amplifier gain 


K, = 


wc] = 


Spa. (9.2) 
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In the reasonings given above there was a clear role of the value 
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of time lag T in one section of line. The response to this question 
can be given only after the examination of the fundamental amplifier 
circuits of the traveling wave, which are performed on the networks of 


low-pass filters, and also in the sections of long lines. 
9.3. Traveling-wave amplifiers on the chains/networks of filters. 


Initially traveling-wave amplifiers were performed on 
chains/networks of filters [40]. The schematic diagram of this 
amplifier is shown in Fig. 9.5. Specially switched on inductance L, 
form together with input capacitances of tubes of Cc the chain/network 
of the filters, which represent the equivalent of long line. The 
analogous equivalent of long line is formed in the anode circuit: by 
inductance £, and output capacitances of tubes c,. These 
chains/networks of filters play the role of the subdivided delay lines 


in block diagram of traveling-wave amplifier described above. 


tN 





TOS 
“TAY 


DOC = 88076726 PAGE 





Fig. 9.5. Fundamental amplifier circuit of traveling wave, made on 


chains/networks of filters. 
Page 465. 


Fundamental special feature. of this amplifier circuit is the fact 
that parasitic elements (capacities/capacitances of tube) perform role 
of capacities/capacitances of filters, i.e., are utilized as elements 
schematics of equivalent long line. In this an essential difference 
in the amplifier of that running on the chains/networks of filters 
from the amplifier in the sections of long line. In the 
traveling-wave amplifier on the chains/networks of filters is utilized 
such diagram of connection of tubes, in which their 
slope/transconductance is summarized, and the capacitances are not 


stored up. 


The possibilities of such amplifiers, which ensure the 


undistorted amplification of pulse signals, are determined by type of 


e 
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filters used in them. In the diagram given on Fig. 9.5 the simplest 
constant K filters are used. Cutoff frequency in these filters 

onD ate Since capacitance value C is the given one (it it is equal to 
stray capacitance of tube), then for an increase in the cutoff 
frequency, and thereby of the passband of amplifier, it is necessary 
to decrease the value of inductance L. However, the decrease of 
inductance leads to the decrease of characteristic impedance ay 
and thereby to the decrease of the amplifier gain K, [formula (9.2)]. 
After considering that with the assigned magnitude of distortions the 
passband of amplifier 4F -a/\,, where a - certain coefficient (a<l), 


and after using formula (9.2), let us determine cut-off frequency or, 


that also, the area of the amplifier gain of the traveling wave: 


Rk to Me pT cn 2 TB NR ae : . 
fey KOPF) SV Viator 09) “ 
where CS Cp ORS Cee 


This expression differs from the expression for cut-off frequency 
of tube (9.1) given earlier, in the first place, in terms of presence 
of coefficient k<l, which indicates that in this diagram input and 
output capacitances of tubes are divided and that cut-off frequency 
due to this is raised, in the second place, by presence of coefficient 
a<l, of characterizing properties filter and degree of distortions of 


pulses. 
Page 466. 


Since a<l, then this coefficient decreases the cut-off frequency. 
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Most important difference, however, is the fact that the cut-off 
frequency of diagram is directly proportional to the number of tubes 
N. This means that by an increase in the number of tubes the cut-off 
frequency of amplifier can be made as to high as desired (formula on 
considers the special features of the work of tube at the superhigh 
frequencies and the ohmic losses in the filters, which 


establish/install the limit of increase fr). 


As it follows from (9.3), for increase in cut-off frequency, 
which characterizes area of amplifier gain, it is desirable to 1 
increase coefficient a. This coefficient shows what part of the | 
filter transmission band is accepted as suitable for the undistorted 
transmission of pulse oscillations. As is known, the transmission 
factor of a constant K filter is constant in the range of frequencies 
from 0 to Fin only when the filter is loaded to the characteristic 
impedance, which has fairly complicated dependence on the frequency. 
Only in the range of frequencies /[<Fw it is possible to consider 


that the characteristic impedance of filter is equal to p=/L/7C. 


Fig. 9.6, borrowed from [33], gives dependences of modulus of 
complex transmission factor of constant K filter on frequency with 
different values of load resistance/resistor. As can be seen from the 
figure, with n=1, i.e., when Z,=p, the amplitude-frequency 
characteristic of filter is far from ideal and for the undistorted 


transmission its only initial section can be utilized. 


DM ml 
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2. 
Sap 
Fig. 9.6. Dependence of transmission factor of filter section of type 


K on frequency with different values of load resistance. 
Page 467. 


With an increase in the number of filters of distortion they grow/rise 
and passband respectively becomes narrow. Therefore the value of 
coefficient a for the constant K filters is very small. Because of 
this, the traveling-wave amplifiers on the constant K filters are 


barely suitable for the application in the nanosecond pulse technique. 


Considerably best results are obtained during application in 
traveling-wave amplifiers by M-derived filter. These filters differ 
from constant K filters in terms of the fact that the inductance of 
consecutive branch increases in m of times, so that L..: ml,. and in 
parallel branch there is included inductance /...- bo 2a he 


capacitance of parallel branch so it increases in m of times (Fig. 
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9.7a). Virtually a M- derived filter is performed in the form, shown 
in Fig. 9.7b. 


Between the coils, which stand in the consecutive 


branch, the inductive coupling with the mutual inductance factor M is 


established/installed. The parameters of second circuit are expressed 


as the parameters of the first as follows: 


a m? 4 | M m?-— | + 
L, =L, ana : M = Le i ‘ C = Cm. 
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6) 


Fig. 9.7. Filter section of type m: a) equivalent diagram; b) 


practical fulfillment of diagram. 
Page 468. 


Since the network of filters in the traveling-wave amplifier is 
equivalent of long line, the quality of filters is convenient to 
rate/estimate by dependence of time lag of oscillation, passing: 
through filter, on frequency. Fig. 9.8 gives the dependence of time 
lag on value “*w,~ [I7l} rt follows from the graph that the greatest 
constancy of delay time, i.e., the smallest dispersion, is possessee 
by the filter with m=1.27. A filter of the type K(m=1) possesses 
substantially greater dispersion. Therefore in the traveling-wave 
amplifiers usually are utilized the chains/networks of filters with 
m=1.27. For the equalization of the frequency characteristic of the 
chain/network of filters in the beginning and at the end of the line 


usually are placed the half-sections with m=0.6. 


Theoretical analysis of processes, which occur in traveling-wave 
amplifiers on chains/networks of filters, is very complex and little 


it is suitable for engineering. For the amplifiers, which contain 


774 
DOC = 88076726 PAGE 20 
from 3 to 30 sections, the time of the establishment of transient 


response can be determined according to empirical formula [171] 


ya 


flys 
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where = ’);,, => 2m (tC 


Overshoot of transient response composes approximately 15-25%. 
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Fig. 9.8. Dependence of time lag on x for different values of 


parameter m. 





DOC = 88076726 PAGE “ 


Page 469. 


4 
( 
j 0,089 muon 
Ct oN 


O05 mr2n¥ 







of 
(2) YY Oo 
éxz09 20K | a isa] | 
£ 
C4 
Fig. 


3 oo ; . ‘ : 
no-9- Amplifier circuit of traveling wave on chains/networks of 
M-derived filters. 


Key: (1). uH. (2). V. (3). Input. 
Page 470. 


Amplifier circuits of the traveling wave on chains/networks of 
M-derived filters repeatedly were described in the literature; into 
[40] there is table of reference data on amplifiers. Therefore as the 
illustration let us give only the one amplifier circuit, shown in Fig. 
9.9. It provides the amplification, equal to 2.8 in the frequency 
band to 400 MHz. The characteristic impedance of the anodic filter 
equally to 150 ohms (inductance of each half of coil 0.049 uwH, mutual 


inductance factor between the sections 0.020 uH). The input impedance 
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of a tube increased due to the inclusion of inductance in the screen 
circuits of tube (which was formed due to the wires of bypass 
capacitor). The time of the establishment of the transient response 


of amplifier was less than 2 ns. 


The drop in input resistance of the receiver-amplifier tubes at 
superhigh frequencies leads to need for utilizing, instead of them, 
the shf triodes, which possess considerably high input resistance. The 
direct switching on/inclusion of triodes instead of the pentodes is 
impossible, since it leads to the onset of feedback between the anodic 
and grid lines due to the transfer capacitance. Therefore triodes in 
the traveling-wave amplifiers are switched on, for example, in the 
Manner that it is shown in Fig.* 9.10. This diagram makes it possible 
to substantial: y decrease the capacitive coupling between the anodic 


and grid lines. 
9.4. Traveling-wave amplifiers in the sections of long lines. 
Traveling-wave amplifiers on chains/networks of filters have the 


deficiency, that passband of their is determined by critical frequency 


of filter. 


it ee ee ee 


778 


DOC = 88076726 PAGE 





Fig. 9.10. Method of switching on/inclusion of shf triodes for the 


purpose of a decrease in the effect of transfer capacitance. 
Page 471. 


In this case virtually, since the chain/network of filters is loaded 

not on the characteristic impedance, but on the constant effective 

resistance, the upper band edge of the transmission of filter is 

considerably less than the critical frequency of filter. This fact 
| leads to the fact that for amplifying the signals with the very wide 
| spectrum it is necessary to proceed from other principles of the 


construction of amplifiers. 


One of methods virtually, of completely removing effect 
transmitting systems from passband of amplifier, is replacement of 
filters in anode and grid circuits sections of long line. The long 
line, loaded on the wave impedance, makes it possible to carry out the 
undistorted transmission of oscillations with the very wide spectrum. 


All distortions, which can arise in this amplifier, depend on the 
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presence of tubes and they will depend on their parameters input and 


output capacitances, input resistance, etc.). 


Structurally the amplifier in sections of long lines appears in 


the manner that it is shown in Fig. 9.11. 
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Fig. 9.11. Arrangement of anodic and grid lines in traveling-wave 
amplifier. 


Key: (1). Plate line. (2). Grid line. 





Fig. 9.12. Equivalent amplifier circuit of traveling wave in sections 


of long lines. 
Page 472. 


The transmission lines are formed by straight/direct wire or tube and 
corner screen/shield. The anode and the grid of tube are connected to 
the appropriate lines, and cathode - to the corner screen. This 
system, besides the increased electrical indices, possesses still 


advantages in a design sense. 


The traveling-wave amplifier is a distributed system with 


7S | 
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discrete/digital heterogeneities (Fig. 9.12). Let us designate the 
number of tubes through N. In this figure the tubes are replaced with 
their input and output resistance and capacities/capacitances. The 
pulse which is propagated on the grid circuit is passed to it through 

n heterogeneities, which are the integrating components/links, and 

then it passes through m integrating components/links to anode 


circuit; it is easy to see that n+m=N+1. 


Let us accept at first, that delay time of one section is more 
than half of pulse guration: then action of each heterogeneity can be 
examined independently. Let also the pulse have rectangular form and 
in section/segment (0. 4] be described by unit function 1(t), whose 
spectrum exists 1/jw. Pulse spectrum after passage n of the 
heterogeneities 


—ijwnt, 


= 1 oe 
F, (») = jo (! + pre ’ 
where the reflection coefficient from the heterogeneity 
pater he 
Ze + pe 
and Z. is the parallel connection of the resistors/resistances of 
input capacitance Cc, input resistance Ro and input resistance of the 


right side of the line, i.e., ?%. Let us assume that Re > + Pe, then 


Zo=Po/(1 + jar), 


where pcCe 
$6 5s 
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Substituting this expression into formula for reflection 


coefficient and further into formula for f,(@), we obtain 


z 1 eo ey)? 
Fy (w) = j= 1 + jor. ’ 


Page 473. 


Assuming that time constant of heterogeneity in plate line is 
equal to time constant of heterogeneity in grid line, then immediately 
it is possible to write expression for pulse spectrum, which passed 


through amplifier, 
xz \ Ge jul, JN+! 
Fg yee a [isa | " 


Shape of this pulse, which coincides with form of transient 
response of amplifier in section/segment [0.2t,]J, will be located by 


computing integral 


A(t)= ie j Fyy (a) ode, 
whence * 


Ay -ag VINA x WHOS (9.4) 


where ty 


it 5 
A=, Vy Foie 
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Transient response of traveling-wave amplifier in sections of 
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long lines with t22t, coincides with transient response of 
resistance-coupled amplifier, which contains N+1 cascades/stages. Let 
us note that when deriving the equation of transient response were 
examined only the distortions, created by heterogeneities, but the 
amplifier effect of tubes was not considered. If we consider the 
amplifier effect of tubes, then the steady-state value of transient 


response must be multiplied on 


Time of establishment of transient response of traveling-wave 


amplifier acts ote, 
y= 2,28 VN+1 -=1,1pyCaj NI, 


ry 


whence the area of amplification 


nigh Ms RSP =. S yx o 
Q=Ki 7 nts PRET TOM ee N. (9.5) 
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It follows from the formula that the area of amplifier gain of 
traveling wave in sections of long lines is proportional to root from 
number of tubes. Of this consists a difference in this amplifier from 
the traveling-wave amplifier on the chains/networks of the filters, 
for which the area of amplification is proportional to first degree of 
N. However, this advantage of amplifiers on the chains/networks of 
filters is retained only in relatively small of frequencies, for which 
the transmission factor of chain/network can be considered constant, 
whereas for the amplifier in the sections of long lines 
relationship/ratio (9.5) remains valid for the very broadband. 

Formulas written above did not consider the phenomenon of 
reflection from heterogeneities. After a lapse of time 2t, to the 
output of amplifier there will arrive the oscillations reflected from 
the heterogeneities, i.e., the pulses, which completed besides the 
passage through N-1 the section of line another cycle on the ring, 
formed by any of the sections (sections) of line and by two 
heterogeneities. If we are distracted from the fact that in the plate 
line the pulses go not only in the direction of load, but also into 
the opposite I will move that are caused supplementary reflections, 
then it will be immediately evident that the spectrum of the first 


signal 
AN $Y, 


as K. a Ae 
Fyory () a (N-—1)(1 + py* * pe 


reflected. 
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Under actual conditions in plate line supplementary reflections 
appear. By examining the process of forming these reflections, it is 
possible to obtain their expression for the spectrum of the first echo 


pulse 


=z Ky at pei ee 
Foxy (w= 52 (N— 1c + pySt' pt 


+2 ‘— (l +p *p oN Hy 


taking into account 
Page 475. 


Since 





: 
where w=wr, then 


Fin (w’) _ K t N--3 


‘ (t+ jay) t+ 


X | del? + ios] © 


a 


r 
jetty ray -2 


Realizing the inverse transformation of Fourier, we obtain 


f-tN bly, 


Wares Aye : x 
fos Ee * tote (N+ ON ; 
x( ) “UN LYE (1 Yoo ree aad (9.6) 


*% 


Resulting transient response of traveling- wave amplifier 


A, (f) — a (1) “f yorp (f), 


where A(t) is determined by formula (9.4), and = tycrp(f) - by formula 


(9.6). 
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Let us exclude from these formulas shift/shear to period (N-1)t,, 


then 


ieee | 


N—1 or" teeny nat 1(—2 
+ wy a) (= 7S), 





Form of transient response depends substantially on value t,. 
Fig. 9.13a shows the transient responses of amplifier for N=5, 6, 7 
without taking into account the first reflection, while in Fig. 9.13b 
- the first reflection for the same cases. Time lag 2t, in the 
latter/last figure is not shown. The resulting transient response is 


equal to the sum of these curves, displaced by time 2t,. 


Fig. 9.13c gives example of transient response for N=6 with 
certain time lag 2t,, selected in such a way that transient response 


would be best. 
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The obtained transient response has nevertheless very large 
nonuniformity of apex/vertex, what is the deficiency, characteristic 


to the traveling-wave amplifiers of such types. 


Fig. 9.14 gives amplifier circuit of traveling wave in sections 


of long lines [172]. Plate line in it is formed by copper wire and 


Ome ne eee 5 Ed tare ee et 
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screen/shield, and grid - by tube and by the screen/shield (grid line 
it must have smaller wave impedance). Amplifier has a passband from 
10 to 400 MHz with the nonuniformity of frequency characteristic +3 
@B. Amplification consists of 15 dB and an output resistance of 50 
ohms. The form of the frequency characteristic of amplifier is given 


in Fig. 9.15. 


Traveling-wave amplifier on transistors is described into [173]. 
The diagram of one section of amplifier, input and output circuits is 


given in Fig. 9.16. 
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Fig. 9.13. Components, which present transient response of 


amplifier. 


SR ee we 





ae 
DOC = 88076727 PAGE 


Page 477. 





+130 


Fig. 9.14. Amplifier circuit of traveling wave on tubes 6AK5. 
Key: (1). uwH. 


Page 478. 


Amplifier consists of four sections and gives amplification at 5.1 dB. 
The passband of amplifier is equal to 290 MHz, the resistance of the 
load is .434 ohms. In the amplifier were utilized the transistors 
1N1143. the input and output capacitances of transistors were 

Cij=Co=5 PF. [Input resistance of transistor on alternating current 
R,;~500 of ohms, and output R,=280 kilohms. (At a frequency of 200 MHz 
of value Ri and R, they are reduced to 150 and 300 ohms respectively). 


Amplifier is assembled according to common-emitter connection which it 


ge Se yg 
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has the best characteristics, than common-base circuit. 
9.5. PULSE AMPLIFIERS ON TUNNEL DIODES. OPERATING PRINCIPLE. 


Elements of amplifier possessing negative resistance as, for 
example, tunnel diodes, can be utilized not only for generation of 
oscillations, but also for their amplification. The amplifiers, made 
on the elements with negative resistance, differ from usual amplifiers 
by tubes or tvansistors in terms of the fact that the effect of 
amplification in them it is reached due to the action of 
self-feedback. Therefore amplifiers on the elements with negative 
resistance are the regenerated (or regenerative) amplifiers or, in 


other words, by the underexcited oscillators. 


Woe Oe 
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Fig. 9.15. 
Key: (1). 
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Frequency characteristic of traveling-wave amplifier. 


MHz. 
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Fig. 9.16. Amplifier circuit of traveling wave, made on transistors. 
Key: (1). uH. (2). Section of amplifier. (3). wire. (4). 


output. (5). input. (6). ohm, (7). VN. 
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Simplest amplifier circuit, made on tunnel diode, is given in 
Fig. 9.17a. It consists of tunnel diode TD, source of signal “ and 
resistor/resistance R. Let us examine the operating principle of this 
diagram, after being restricted at first to the region of the low 
frequencies, which does not affect the action of the reactive/jet 
parameters of circuit and tunnel diode. Equivalent amplifier circuit 


for this case is depicted in Fig. 9.17b. The resistor/resistance of ) 


spreading is included here in the resistance/resistor of load R. Feed 
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circuits in the figure are not shown. 


It is necessary for steady state of equilibrium of this diagram 
(as this was shown in Chapter 7) so that resistance/resistor of load R 
would be lower than modulus/module of negative resistance R,. 
Therefore load straight line will cross the volt-ampere characteristic 
of tunnel diode (Fig. 9.18). The angle of the slope of full-load 
saturation curve e will be more than the angle of the slope y of the 
falling/incident section of the linearized volt-ampere characteristic. 
The point of intersection of full-load saturation curve with the axis 


of abscissas will indicate the value of voltage of supply source 6. 


Under the action of source of.alternating voltage g load 
straight line will be moved in parallel to itself to value U, - 
amplitude of amplified voltage (this value it is counted off along 
axis of abscissas). Because of this the operating point will be moved 
according to the volt-ampere characteristic of tunnel diode in section 
BC. In this case the amplitude of alternating voltage on the tunnel 
diode U, as can be seen from Fig. 9.18, there will be more than the 


amplitude of applied voltage. 





TI 
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4) 
Fig. 9.17. Simplest amplifier circuit, made on tunnel diode. 
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It is not difficult to see also that at the sharper the angle will 
intersect the full-load saturation curve the falling/incident section 
of volt-ampere characteristic, the greater the amplitude of the output 
voltage U will be. In other words, for obtaining the high 
amplification factor it is necessary that the resistance/resistor of 
load R would be close to the modulus/module of negative resistance of 


tunnel diode. 
As can be seen from equivalent diagram, tunnel diode amplifier is 
potentiometer, which consists of resistors/resistances of R-R,, to 


which is conducted/supplied voltage v,. The transmission factor of 


this potentiometer 


is more than one, because one of its arms has negative resistance. 
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(Ues:204 (ae ror 
Fig. 9.18. To explanation of operating principle of amplifier. _ 


Key: (1). output. (2). input. 
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Approaching the ratio R/R, to one, it is possible to obtain any value 
of amplification factor from the diagram. However, in proportion to 

approximation/approach R/R, to one sharply grows/rises the danger of 

the self-excitation of diagram. Therefore, it is virtually difficult 
to obtain from one cascade/stage of tunnel diode amplifier 


amplification factor more than 10. 


Tunnel diode amplifier detects much in common with re-generative 
amplifiers. As is known, the amplifier gain with the positive 


feedback 


“Uae eae el. 
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where K - amplifier gain without the feedback, and m - factor of 


feedback. 


Value 1/(1-m) is gain in amplification factor, attained due to 
introduction to positive feedback, i.e. due to regeneration. The 
amplifier gain unlimitedly grows with m1, while amplifier is 


self-excited with m=l. 


Similar pattern is observed also in tunnel diode amplifier. In 
this simplest diagram value R/R, plays the role of the factor of 
feedback. Therefore entire/all value of the factor of amplification 
of this type of amplifier is determined only by gain due to the 


regeneration. 
Let us consider now action of transition capacitance and let us 


depict equivalent amplifier circuit on tunnel diode in the form of 


Fig. 9.19. 


RIE Oe ee. 
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Fig. 9.19. Equivalent amplifier circuit on tunnel diode. 
Page 483. 


Complex transmission factor of this circuit 


1 
1—RIR, 


1+ jwC,R 


R (w) —= Ns 
K (w) i (T—RIRg) $F jain)? 
1—R/R, 





Cy R 
where ‘w=; pR- 


Passband of amplifier with this characteristic at level 1//2. 


AF = LR Re 


Rte 2nC,R ° 





and the area of amplification 


bia 4 IRR, I 
Q=K,OF = IRR, 28 RRR 
As is known, introduction to positive feedback to amplifier, time 
constant of which is equal to 7, it increases it in 1/(1-m) times, 
which leads to decrease in so many once of passband of amplifier. The 
area of amplifier gain in this case remains constant/invariable. It 


is evident from that presented that the amplifiers on the elements 


ait 
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we 
with negative resistance possess all properties of re-generative 
amplifiers. “Qhis is completely natural, since the elements with 
negative resistance are to circuit with the internal positive 


feedback. 


For transient response of RC-circuit on tunnel diode it is 


possible to write following expression: 


a (2) =: Koe (I 1s eo uey 


where 
f oe, ik _ ft er Ry 
Kue= P--m? See ae k ~ RHR,’ 
satin BN. as ta, RRO 
m RER s--- CR, R= RR: 


With m>1 diagram on tunnel diode is bistable flip-flop, while 


when M<1 ~- a resistance-coupled amplifier. 


Page 484. 
9.6. AMPLIFIER CIRCUITS ON THE TUNNEL DIODES. 


Simplest amplifier circuit on tunnel diode, given in Fig. 9.17, 
always cannot be realized for following reasens. For the 
stabilization of amplification resistor/resistance R must be less than 
R,.- As it was already said, tne resistor/resistance of spreading 
tunnel diode + enters into value R.Furthermore, into it enters the 


internal resistor/resistance of the source of signal Ai In a number ) 


TIS 
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of cases even in the absence of the supplementary resistor/resistance 
R, sum &,+R; is more than the modulus/module of negative resistance of 


the tunnel diode R,. 


Therefore in order to ensure stable work of amplifier, it is 
necessary to modify its diagram, for example, in the manner that it is 
shown in Fig. 9.20a. This diagram is characterized by from the 
preceding/previous fact that in parallel to tunnel diode in it stands 
back-out resistor Ry. Fig. 9.20b shows the equivalent schematic of 


this amplifier. 


In order to clarify action of shunt on properties of tunnel 
diode, let us turn to figure 9.21, in which are shown volt-ampere 
characteristics of tunnel diode, shunted by resistor/resistance Ru. 
Lower curve corresponds to case Ru=%, hbresents the initial 
volt-ampere characteristic of tunnel diode. Upon the inclusion of 
resistor/resistance Ryw>R, the form of volt-ampere characteristic 


changes. 


“Ladalesst Beast 
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Fig. 9.20. Parallel amplifier circuit on tunnel diode. 
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First, it entire/all passes above, since the conductivity of circuit 
tunnel diode - shunt is more; in the second place, the 
slope/transconductance of the feeding section of characteristic it 
decreases, which indicates an increase in negative resistance of 
tunnel diode. The latter is easy to explain, on the basis of the fact 
that the total resistance of circuit tunnel diode - shunt in the 


section with the negative slope/transconductance 


on the modulus/module is more R,. 


With further decrease of resistor/resistance of shunt sets in 
such situation, when total resistance of tunnel diode and shunt goes 
to infinity (in this case Ruw=,). The middle section of volt-ampere 
characteristic goes in parallel to the axis of abscissas. In this 
section impedance of tunnel diode is approximately equal to the 


OM, resistor/resistance of transition capacitance how they sometimes use 
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CC A rye eSsaemantansstttageraentn ee 


DOC = 88076727 PAGE “NO 


for measuring this capacity/capacitance. If Au<A, then on the 
volt-ampere characteristic of diode middle section acquires positive 


inclination/slope. 
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Fig. 9.21. Effect of back~out resistor on characteristics of tunnel 


' diode. 
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« 
Thus, shunting of tunnel diode, used in amplifier circuit, 
increases negative resistance of diode and stability of diagram 
provides thereby. “{his diagram during the investigation can be 
brought to the diagram, examined in the preceding/previous section, if 


we replace in it the resistor/resistance of tunnel diode -R, on -R',. 


System described above is called parallel. Together with it 
finds use series circuit of amplifier (Fig. 9.22a). In this to 
diagram the source of signal, tunnel diode and load 
resistance/resistor are connected in series. The equivalent schematic 
of this amplifier is shown in Fig. 9.22b. For guaranteeing the stable 
operation of this diagram it is necessary that the total resistance 


R;+R. would be less than R,. This fact to a certain degree limits the 


a Se es 


a 


) 
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application of series circuit, which, however, has a series/row of 
advantages in comparison with the parallel diagram (with the work in 
the compound configurations with the transistors, with the cascade 


inclusion, etc.). 


Transmission factor of amplifier (here it is examined region of 


low frequencies) 


unlimitedly grows/rises in proportion to approximation/approach of sum 
of positive resistors/resistances Ri+R, to Ro The characteristics of 
consecutive amplifier are similar to the characteristics of the 


amplifier, assembled according to parallel diagram. 


Fundamental amplifier circuit with series connection of diode is 


given in Fig. 9.23a. 


—~, 
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Fig. 9.22. Series circuit of tunnel diode amplifier. 
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Another feed circuit of diode and transient circuit, which connects 
amplifier with the subsequent cascade/stage, are shown on this diagram 
besides the source of signal, tunnel diode and load. Here C,, - 
output capacitance of the source of signal, and C,, - the input _ 
capacitance of amplifier is given in Fig. 9.23b. On it the tunnel 
diode is replaced with resistor -R, and capacitance C, (it is assumed 


that Rk. <R,). 
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Fig. 9.23. Complete electrical circuit of consecutive tunnel diode 


amplifier. 


Page 488. To [174] is given the calculation of this diagram and the 


following expressions for its frequency and phase response: 


, = T+ wt? 
K W) => K ee nae 7 hak, lake 8. 
0 () : (1 + @72,) (1 + w%s,) 


Pa (m) ==— arcty wr, --arctgots -aretz at, 





and for the region of the lower frequencies 
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<5 55 , a Re) + 0G #) vs é - Res)" 


er 2s RC, Gi RiC,,, toy Cy3Rou, To C (Ro; + Ry). 


Upper and lower cut-off frequencies of amplifier are determined 


as follows: 


where 
— as) 





Fundamental amplifier circuit with parallel connection of tunnel 


diode is given in Fig. 9.24. 
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The equations of its frequency and phase responses will be recorded as 


follows: for the region of the higher frequencies 


K (w) = ——Ae__, 
° Vi + w*x? 
Fa () = — arc tg we,; 


for the region of the lower frequencies 


Ky (@) a Ke . 








t 
V tag 


Pu (®) = are tg, 
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Upper and lower band edges of transmission 


According to formulas given above it is possible to perform 


calculation of amplifiers. 
9.7. DISTRIBUTED TUNNEL DIODE AMPLIFIERS. 


In the case when amplification of one cascade/stage is 
insufficient there appears the need for series connection of 
cascades/stages. In connection with diagrams on the tunnel diodes 
this question cannot be examined as simply as in the case of applying 
the tube, since tunnel diode is two-terminal network; therefore it is 
necessary to resort to some special procedures. Fig. 9.25a shows 
amplifier circuit on the tunnel diode. Capacity/capacitance of C and 
inductance L in the frequency band in question are received as so/such 


large that their effect can be disregarded/neglected. 
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Fig. 9.24. Complete electrical schematic of parallel tunnel diode 


amplifier. 
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Then equivalent amplifier circuit will take the form, shown in Fig. 
9.25b. Since further examination is conducted only for the relatively 
low frequencies, then capacitance C, of diode is not shown. 


Amplification of this cascade/stage 


Ke 


ee 


RR 


So that it would be possible to connect in series cascade/stage, 
is required to add into diagram one additional tunnel diode, whose 
presence does not change value of factor of amplification of diagram 
[175]. This cascade/stage is shown in Fig. 9.26a, and its equivalent 
diagram in Fig. 9.26b. The factor of amplification of this diagram is 


the same. The input resistance of the first diagram (Fig. 9.25) 


<= R— R,, 


and of the second (Fig. 9.26) 
Rr ‘nly Ru (R = R,) 
eee RRR * 
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Fig. 9.25. Amplifier circuit on tunnel diode. 





Fig. 9.26. Amplifier circuit with supplementary tunnel diode. 
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It is possible to select - R,, such that in order to A’xs=K, then 


The input resistance of this diagram is equal to load 
resistance/resistor. This means that the second diagram can be 


utilized as load for the first diagram. 


Schematic of multistage amplifier is shown in Fig. 9.27. The 

amplification of this diagram is equal K,K?, where 
R 
Nie WE aR 

This diagram can be considered as a transmission line, which 
connects the oscillator with a load. Since it consists of elements 
with negative resistance, then it creates amplification, but not loss. 
Diagram described here can be considered as one of the versions of the 


distributed tunnel diode amplifier. 


Another type of traveling-wave amplifier [176] (Fig. 9.28) is the 


network of filters, which consists of W sections. 
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Fig. 9.27. Schematic diagram of multistage tunnel diode amplifier. 





Fig. 9.28. Amplifier circuit of traveling wave on tunnel diodes. 
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Each of the sections is equivalent to the section of the long line, at 
end/lead of which is included/switched on tunnel diode, i.e., the 
parallel connection of negative resistance. -R, and capacitance C,. 
Let the section of long line with the wave impedance p be loaded to 

the pacallel connection of resistances -R, and &,. In this case total 


resistance at the end/lead of the line 


, RvR, 
Re+Ru 





If R=p, then the line will be matched. In this case for 
satisfaction of matching conditions it is necessary that R, would be 


less p. 
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In order to attain agreement in presence of capacity/capacitance, 
it is necessary from section of long line to pass to its equivalent, 
since this is shown in Fig. 9.29. In this case the 
capacity/capacitance of the tunnel diode C, must be equal to 
capacity/capacitance of C/2, which loads line. The critical frequency 
of line Fw and capacity/capacitance of C, determine the 


characteristic impedance 


‘Ef \ 
E> = lip -a-= ’ 
/< ( ' Wit) 


whence 


Resistance/resistor of load &s can be input resistance of second 
cascade/stage p,. The wave impedance of the second cascade/stage must 
be lower than the characteristic impedance of the first cascade/stage 
so that the condition for agreement would be satisfied. Analogously 


Still several cascades/stages can be added to the diagram. 


= 
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Fig. 9.29. Equivalent schematic diagram of section of traveling-wave 


amplifier on tunnel diodes. 
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The latter of them is loaded to the resistance/resistor of load Ru. 
The Nth cascade proves to be loaded on its characteristic impedance, 


if 








Since line will agree in limits of passband, voltage 
amplification factor is equal to one. However, the power gain of more 
than one due to the decrease of resistor/resistance is determined by 


the relationship/ratio 


se Pie es pu Nth 
Crys Re 


Is described also traveling-wave amplifier [177] with narrow 
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track diode, arranged/located along axis of strip line, and with two 


absorbing loads at certain distance the it (Fig. 9.30). 
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Fig. 9.30. Diagrammatic representation of traveling-wave amplifier, i 
made on distributed tunnel diode. | 


Key: (1). Tunnel diode. (2). Absorbing load. | 
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In this system are propagated the waves of the type TE, whose phase 
rate is lower than the speed of light as a result of the capacitive 
load of track tunnel diode. For these waves magnetic and electric 
fields in the direction, perpendicular to the band, attenuate 
exponentially and proportional to frequency. Therefore two absorbing 
loads have considerable conductivity for all low-frequency 
oscillations (including for the direct current), without exerting a 
substantial influence on the high-frequency fields. The difficulty of 
the realization of this system consists in the fact that it amplifies 
in both directions. Weak mismatches in the line are the sources of 
standing waves and if amplification is great, generation begins. On 


the ‘strength of the fact that negative resistance operates at all d 
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frequencies, the problem of the agreement of the input and output over 


a wide range of frequencies virtually hardly it is feasible. 
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Fig. 9.31. 
diode. 


Design of traveling-wave amplifier on distributed tunnel 


Key: (1). Ferrite attenuator. (2). 


Tunnel diode. (3). Absorbing 
load. 
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For eliminating generation in the traveling-wave amplifier 
combined system, which includes distributed tunnel diode and 


nonreciprocal ferrite attenuator [177], was proposed. This system 


amplifies the signals which pass in one direction, 


weakening/attenuating them in the other direction. In the 


device/equipment there are thin ferrite plates located along both 


sides from the narrow track diode. The permanent magnet, on which is 


arranged/located this device/equipment, creates in the ferrite 


nonuniform field, strong near the axis and weaker on the edges of 


strip line. Therefore the frequency of ferromagnetic resonance 
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decreases in proportion to removal/distance from the axis, which 
retains the nonreciprorcal properties of ferrite medium in the very 


broadband (Fig. 9.31). 


9.8. Amplification of pulses in the diagrams on the tubes with the 


secondary emission. Pulse feed of amplifiers. 


Let us examine possibilities of use for amplifying pulses of 
short duration of usual diagrams on tubes with secondary emission and 


pulse feed of amplifiers. 


One of amplifier circuits on tube with secondary emission is 


given in Fig. 9.32 [40]. 
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Fig. 9.32. Amplifier circuit of traveling wave on tubes with 
secondary emission. 


Key: (1). Matching resistance. (2). Output. (3). Input. 
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Amplifier was made on tubes EFP-60, whose cut-off frequency, 
determined only taking into account interelectrode capacitances, was 
equal to 225 MHz. The intertube connection was the low-pass filter, 
formed by elements L and C. The role of capacitances C/2 was 
fulfilled by the input and output capacitances of the tubes. 
Resistors R, were equal to the characteristic impedance of filter 

p= FE. In this case the quadrupole in the sufficiently wide frequency 
band presented for the anode circuit of tube resistor/resistance 

=e. In the anode circuit of tube was switched on 


resistor/resistance R and sufficiently large inductance L,. Four 


cascades/stages of this amplifier gave the voltage amplification, 
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equal to 500 (i.e. on 4.7 to the cascade/stage). The passband of 
amplifier was from 10 kHz to 50 MHz, which corresponded to the cut-off 
frequency of one cascade/stage, equal to 240 MHz. (This value is 
somewhat higher than the cut-off frequency of the tube because the 
action of interelectrode capacitances is partially compensated by the 


action of the inductance of filter). 


In certain cases, for increasing the mutual conductance of tubes 
pulse feed is used. The increase of anode current makes it possible 
to obtain the large amplitude of output voltage with the same 
resistor/resistance of plate load. The schematics of such amplifiers 
are given in Fig. 9.33 and 9.34 [178]. In these amplifiers were 
utilized tubes 6Zh22P and 6V1P with mutual conductance in the usual 
mode of approximately 30 mA/V. With the pulse feed of tube 6Zh22P 
(Ea=£,=150 Vv, voltage on the space-charge grid is 150 V) its 
transconductance grew to 80-90 mA/V. With the pulse feed of tube 6V1P 

(E,=1000 vy, £,=800 v, &:=250 Y) the slope/transconductance of tube 
reached 100-120 mA/V. In both cases the cutoff voltage of tube was 
5-6 V. The pulse responses of tubes 6Zh22P and 6V1P are given in Fig. 
9.35. The application of tubes with the secondary emission is 
convenient when on the output there must be symmetrical voltage; in 


this case output signal is removed/taken from anode and diode of tube. 
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Increase in anode current and slope/transconductance of grid 


characteristic made it possible to obtain high amplification factor 


YAO 
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with diphenyl chloride low resistance/resistors of load (30-150 ohms) 


which provided required broad-band character of amplification. 


In amplifier, whose schematic is given in Fig. 9.33, 
voltages/stresses on anodes and screen grids of tubes are constant and 
are equal to 450 V. In the absence of voltage on the space-charge 
grid of tube 6Zh22P its anode current is virtually equal to zero. 
Operating conditions of tube is installed by supply to the 
space-charge grid of positive pulse with a duration of 0.6 us and with 
an amplitude of 150 V. This pulse is removed/taken from the cathode 
follower L,. With the opening of one of the tubes of amplifier on its 
plate load there is isolated negative pulse - pedestal, which 
corresponds to the pulse of feed. The amplitude of pedestal can reach 


100 Vv. 
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Fig..9.33. First amplifier circuit with pulse feed. 


Key: (1). V. 
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With the series connection of several amplifier stages the 
compensation for the pedestal, which enters together with the signal 
the grid of the following tube, is necessary. Compensation is 
realized by supply from the adjustable divider of the part of the 


positive voltage, which enters the space-charge grid. 


Circuit of compensating divider with resulting value of 
resistor/resistance of 75 ohms is the load of the first cascade/stage. 
The output stage is loaded to coaxial cable with a wave impedance of 


150 ohms. Amplifier has a factor of amplification by 60 and a time of 


lak 
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the establishment of transient response 3 ns. Maximum signal 


amplitude at the output is 50 V. 


In the second amplifier (Fig. 9.34) the circuit of divider with 


cathode follower is load of first tube. 
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Fig. 9.34. Second amplifier circuit with pulse feed. 


Key: (1). kV. (2). vV. (3). to deflector plates. 
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Simultaneously this circuit fulfills the following functions: 1) 
triggers that preliminarily closed on control electrode of tube L,; 2) 
compensate the negative pedestal, which enters from the anode of tube 
L, the grid of tube L,; 3) realize a selection of operating point on 
the grid of tube L, in accordance with the polarity of the amplified 


signal. 
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Fig. 9.35. Pulse responses of tubes 6V1P and 6Zh22P. 


Key: (1). V. 





Fig. 9.36. Amplifier circuit with pulse feed as an attachment to 
oscillograph. 


Key: (1). V. 
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vg The equivalent load resistor/resistance of this circuit with respect 
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to the tube L, is equal to 100 ohms. The factor of amplification of 
diagram is equal to 150 with the maximum voltage 160 V. Amplifiers 


worked stably and stably at the pulse repetition rate with 1 kHz. 


Amplifier circuit with pulse feed on tubes 6P15P is shown in Fig. 

9.36 [179]. One amplifier stage on this tube during the supplying to 
its grid of the voltage pulses with an amplitude of 800 V with :=! kv 
gives amplification factor by 3.2, allotting on the load, to the equal 
to 75 ohms, pulses with the amplitude of 50 V. The time of the 
establishment of pulses té approximately 2 ns. The three-stage 
amplifier given in the figure has an amplification factor equal to 30, 
with the time of the establishment of pulses, which does not exceed 3 
ns, when &.=75 ohm the amplitude of output voltage is 50 V, but when 
Ruv= 150 Ohm amplitude rises to 90-100 V. In the second case the 
amplification factor attains 55-60, and the time of establishment 


increases to 4 ns. 


Amplifiers, intended as attachments to oscillographs, were 
described also into [180]. With the amplification factor by 10-15 
these amplifiers provided output voltage into several hundred volts in 
the band to 200 MHz. In the amplifiers the tubes with the 
space-charge grid, with the secondary emission in the pulsed operation 


of feed were utilized. 


Thus, application of pulse feed of tubes with large 


~ 


Slope/transconductance makes it possible to carry out necessary ~ 
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undistorted amplification of pulses sufficiently short duration. 
Amplifier circuits with the pulse feed contain, as a rule, fewer tubes 
than the amplifier circuits of the traveling wave, and require less 
than the power from power supplies; however, one overall serious 
deficiency is inherent in these diagrams: they cannot work at the 
very high pulse repetition rate, since this leads to th excessive 


boosting of the mode of tubes. 


eae Te 





op oa ee a 


ee es ee en et 


DOC = 88076728 PAGE 
Page 501. 


CHAPTER TEN. 


OSCILLOGRAPHY OF PULSES. 


10.1. Specific character and methods of oscillography of nanosecond 


pulses. 


Oscillography of nanosecond pulses has series/row of specific 
moments characteristic for general problem of precise measurement of 
time and investigation of processes of very short duration. The 
problem of the investigation of single short-term processes is most 
difficult. The methods of the solution of this problem are examined 
by the so-called temporary/time microscopy (high-speed/high-velocity 
oscillography, super high-speed cinemotagraphy, optical and 


electron-optic chronography). 


Time microscopy in its improvement is encountered with existence 
of fundamental limit of time resolution, which under practical 
conditions for analysis of single processes is 10-'* s [181]. The 
presence of the limit of physical time resolution corresponds to the 
known quantum-mechanical uncertainty principle. During the 
investigation of the periodically repeating short-term processes ina 
number of cases it is possible to achieve the higher threshold of time 


resolution. 


In the case of high-speed/high- velocity oscillography presence 
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of limit of time resolution is caused mainly by fact that all real 
systems, intended for transmission of fast signal and its time sweep, 
have limited passband of frequencies. It is known from the spectral 
analysis that for the system with the frequency of transmission Af the 
time resolution cannot be better than At, determined by the ratio 


AfAt=const. 
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This constraint of temporary/time resolution is associated with 
distortions in circuit of signal of oscillographs. Furthermore in the 
oscillographs of nanosecond range occur other reasons for the | 
limitation of resolution. Supplementary limitations in the 
resolution, connected with the difficulties of obtaining the 
sufficiently bright image on the screen/shield of oscilloscope tube, 
appear with the oscillography of single pulses. During recording of 
periodic pulses in connection with very high scanning speeds, in turn, 
it is necessary to surmount difficulty, connected with obtaining of 


the high stability of the temporary situation of pulse on tube face. 


Oscillography of nanosecond pulses is at present realized by two 
methods. The first method (high-speed/high-velocity oscillography) is 
used already long ago during recording of single very short-term 
processes of {182]. Here with the aid of the wide-band cathode-ray 
tube of low sensitivity and high-speed scanning there is observed the 


oscillogram of the phenomenon being investigated. 
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With the development of nanosecond pulse technology high- speed 
oscillographs with higher sensitivity with wide passband were 
required. The application of new oscilloscope tubes and wideband 
amplifiers became necessary. Since it was necessary to record 
short-term phenomena both single and periodically repeating, then the 
need for the development of high-speed scannings with high stability 


of the parameters aroSe. 


With oscillography of pulses with small amplitudes in the case of 
application for this of amplifiers of circuit of signal, it is ~ 
necessary to simultaneously ensure their broad-band character with 
high amplification factor. However, the greatest broad-band character 
is usually reached by the value-of gain reduction. Therefore for 
observing the pulses by the duration of the order of nanosecond are 
used high-speed/high-velocity oscillographs without the amplifiers, 
but the using special oscilloscope tubes with the deflection system of 


the type of the traveling wave (TBV). 
Page 503. 


Such tubes are sufficiently wide-band (to 3-5 GHz) and have the 
increased sensitivity (from 0.5 V to 0.05 V to the line of ray/beam). 
Recording nanosecond pulses with an amplitude less than 0.1 V with the 
aid of the high-speed/high-velocity oscillographs proves to be still 
impossible due to the absence of qualitative amplifiers. In these 


cases another method of oscillography is used. 
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Second method of oscillography of nanosecond pulses is based on 
stroboscopic principle of observation of periodic processes of [183]. 
On the screen/shield of usual oscilloscope tube is here observed not 
most process being investigated directly, but its image formed by the 
individual sections (points) of its oscillogram. In such 
oscillographs with the aid of the special strobe pulses of very short 
duration and schematic of converter periodically are examined/scanned 
the individual sections of the pulse being investigated. The sections 
of the pulse chosen after converter are expanded and through the 
amplifier enter the oscilloscope tube, where, being arranged/located 
in the specific sequence and at the necessary level, the image of 


pulse is formed. 


Since here pulses of nanosecond duration, which have very small 
amplitude, first are converted, and then only after expansion are 
amplified, then passband of amplifier can be narrow, but amplification 
factor by large. As a result the sensitivity of stroboscopic 
oscillographs proves to be high (to 1 mV/cm) with a sufficient 
effective passband of instrument. However, stroboscopic method is 
applicable to the investigations of periodic processes, but it does 


not make it possible to record single pulses. 


As is evident, both methods supplement each other, expanding 


possibilities of oscillography of nanosecond pulses. 
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10.2. Special features of high-speed oscillography Resolution. 


Block diagram of oscillograph. 


Block diagram of oscillograph is given in Fig. 10.1. Scanning of 
the oscillograph here is preliminarily started, and then enters the 
pulse being investigated directly on the deflection system of tube. 
Starting system provides the synchronization of the moments/torques of 
the beginning of scanning/sweep, illumination of the ray/beam of 
oscilloscope tube and signal arrival from the calibrator. During 
recording of single pulses appears the need for the starting of 
scanning by the same pulse (input key in position 2). Pulse supplies 
to the deflection system of the tube through the cable of delay. 

Delay factor is determined by triggering time of the trigger circuit 


and scanning/sweep. 


For obtaining of high temporary/time resolution in 
high-speed/high-velocity oscillographs are utilized transmission 
systems of pulses, cathode-ray tubes, which are characterized by large 
broad-band character, and scannings/sweeps, characterized by high rate 


and high stability of parameters. 


At high scanning speed, which reaches in contemporary 
oscillographs 2°10'* cm/s, problem of synchronization of work of 
separate units of oscillograph, which especially records periodic 
pulses, proves to be fairly complicated. Thus, the requirements of 


high scanning speed, broad-band character of the circuit of signal inde .2 
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very rigid synchronization of the work of units are characteristic for 


the high~speed/high-velocity oscillographs. 
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Fig. 10.1. Block diagram of oscillograph: 1 ~- trigger circuit; 2 - 
sweep oscillator; 3 - diagram of illumination of ray/beam; 4 - 
calibrator; 5 - cable of delay. 

Key: (1). the input pulse of synchronization. (2). input of 


signal. 
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Graphic beam velocity. 


High scanning speed, i.e., rate of displacement of electron beam 
over horizontal, together with considerable rate of change in value of 


Signal, leads to very high graphic rate. 


Graphic beam velocity, understood as linear velocity of 
displacement of ray/beam during recording of process being 


investigated, in this case can reach values, close to speed of light. 


In the case of recording harmonic oscillation 


y == Asin 2nfl; 
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maximum speed of change in value y is determined by expression 


== 2A}. 


Oy wane =! 
y MaKe at = 


Maximum graphic rate “rmare is estimated by the expression which 


considers also horizontal speed (scanning speed) 
Ur mane = Ve uy) ace 


Recording (under condition of sufficient intensity of the glow of 
tube face) oscillations with frequency of more than 3000 MHz is 
possible at the above-indicated scanning speed. If in this case the 
amplitude of oscillations on the screen/shield is more than 1 cm, then 


the graphic rate is close to the speed of light. 


In the case of recording video pulse graphic rate is determined 
by expression 


v,=V vo). 
where % and v,y— respectively rate of displacement of ray/beam over 
horizontal and vertical axes. 
This expression it is possible to record in more detail, if we 
obtain value for rate v,. 
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Let o - sensitivity of cathode-ray tube 
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— fy f 
=a, [Z| 
where Ay - path, passed by ray/beam in direction of y axis with change 


in voltage of pulse on value AU,. 


Then for rate % we obtain 


y= 


Kle 


— 4 Wy 
=—3 ere 


If At~0, then relation 44/4! represents differential value of 
slope/transconductance of building-up S« at the particular point (at 


the given instant on the tube face. Then rate wy will be 


y= 3Sy, 


Graphic rate in the case of recording video pulse will be 


expressed 
1. fy 
Us =V vss’, 


Maximum graphic rate will occur at points, which correspond to 
front and shear/section of recorded pulse, when slope/transconductance 


reaches maximum. 


However, due to insufficient broad-band character of deflection 
system it is necessary to consider time of establishment of transient 
processes in it. This reduces graphic rate and, consequently, also ) 


the resolution of oscillograph. Knowing the slope/transconductance of 
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the transient response of the circuit of signal S: let us find 
impulse steepness on the screen/shield of oscilloscope tube Saux if 


the slope/transconductance of the pulse Su being investigated. 
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Using the known relationship/ratio between the slope/transconductance 


of input and output pulses for linear system [184] 


t 
Ssiua (j= ( Su @ 3 d~ 8) di, 
Q 


we will obtain for’the actual value of graphic rate the expression 


t es 
Ye [oe ttl) Su) Sal dgeys (10,1) 
nV} ; 


where Su.and S: they are examined for current time 
Otc; 


here t - time, for which is determined the value of graphic rate. 


Increase in recording speed is conjugated/combined with sharp 
reduction in the brightness of glow of tube face. During recording of 
the intermittent processes it is necessary to use measures for an 
increase in image brightness due to an increase in accelerating 
voltage in the cathode-ray tube. However, from an increase in 
accelerating voltage considerably falls the sensitivity of tube, 
which, in turn, requires the appropriate increase in the voltage of 
signal and scanning/sweep. To a certain extent to an improvement in 
the sensitivity contributes the application in the tubes of 


supplementary accelerating voltage, which affects the electron beam 
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after it will pass the deflection system (postacceleration). Tubes 
with the system of postacceleration give the possibility to record 
periodic pulses with the duration of the order of nanosecond at a 
small repetition’ frequency and single - with the increased voltage of 


postacceleration. 
Passband of the circuit of signal. 


Graphic beam velocity and resolution of oscillograph, as noted, 
are limited to insufficient broad-band character of circuit of signal. 
If we in the oscillograph use tubes with the usual deflection systems 
in the form of plates, then for an increase in the broad-band 
character the dimensions of the plates, and also capacitance value and 
inductance of introductions/inputs must be lowered to the minimum. 

The equivalent circuit, which corresponds to the deflection system of 
usual type tube, is given in Fig. 10.2.. Here R is the total external 


resistance, including the sweep oscillator. 
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If to the deflector plates there is fed pulse in the form of a drop in 
the voltage with an amplitude of U, then voltage on the plates can be 
represented in the following form (with R<2p, where p - circuit 


characteristic impedance): 


u=u[i—e" (5 sin & +-cos84)], 


where a=R/2L and 3=(I/LC — R'/4L?)'”. 


In practical cases value R is selected by such that voltage on 
deflector plates would have shortest rise time without noticeable 
overshoots at pulse apex in comparison with input pulse. This 
condition satisfies ratio a/é=1, in this case the overshoot comprises 


not more than 4% [3]. For the resistance we have 
R=(/2L C. 
Using the expression for frequencies in this circuit, let us 
record that resistance 


series eo O08 9 
Teh ie ae 


This relation makes it possible to determine value of 
resistor/resistance R at known capacitance C and frequency f,, found 
for the specific cathode-ray tube. Using the selected attenuation 


length, it is possible to find the voltage on the plates 


u =U [1 —e-"*" (cos t/RC + sin t/RC)), 
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Since the equality 
— R/2L == 1/RC 
is fulfilled in this case.At the moment/torque, when u=U occurs the 
relationship/ratio 
cos t/RC + sin t/RC =0 


and, therefore, 


pcs * RC = 2,3RC. (10.3) 


Page 509. 


Thus, it is possible to rate/estimate duration of pulse edge on 


tube face, which depends on parameter of circuit of deflection system. 


Even in the case, when tube has outputs of deflection system, 
installed directly into glass of flask/bulb (which reduces parasitic 
parameters), passband of deflection system is limited by frequency on 
the order of 150-200 MHz. The deflection system, made in the form of 


the simplest line of transmission is wider-band (Fig. 10.3). 


Investigated pulse through cable with matched load is 
fed/conducted from the input side to line, and on the other side line 
it is closed on the effective resistance, equal to line 
characteristic. This deflection system have tubes of the type 
13L0101M, 10L0101M, which found use in high- speed/high-velocity 


oscillographs [185, 186]. With a good agreement of the deflection 
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system with the load its passband proves to be about 1000 MHz. 


Wider-band is coaxial type deflection system (Fig. 10.4) [187]. 
In the external conductor of line is opening/aperture, also, above it 
a comparatively narrow cross connection. Between this cross 
connection and opening/aperture in the external conductor is passed 
the electron beam, on which there acts the field of signal. The cable 
is connected at the input and output of the line. The end/lead of the 
output cable is loaded to the effective resistance, equal to the wave 


impedance of cable. 
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Fig. 10.2. Fig. 10.3. 

Fig. 10.2. Equivalent schematic of condenser/capacitor type simplest 
deflection system. 

Fig. 10.3. Deflection system in the form of two-wire circuit. 


Key: (1). Input. 
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This design is advisable with the oscillography of the high- voltage 
pulses, when the low sensitivity of system is necessary. Broad-band 
character is here limited to a certain heterogeneity of the field of 
coaxial system in the area of opening/aperture, and also to possible 
reflections at junction of cable, which supplies pulse, with the 
deflection system. The passband of entire system can reach several 


gigahertz. 


Widest-band deflection system for high-voltage oscillographs can 
be system, formed by coaxial cable (Fig. 10.5). Here the coaxial 
cable, which supplies the pulse, is simultaneously the coaxial 
deflection system. For this it passes through the special 


opening/aperture to the neck of oscilloscope tube. In the center 
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section of the tube the external conductor of cable has 
opening/aperture and metallic cross connection above it. Cross 
connection is arranged/located within the tube, but has contact with 
the external conductor of cable. As in the preceding/previous system 
electron beam is passed under the cross connection above the 
opening/aperture to the external conductor of cable. The broad-band 
character of this system, apparently, can be close to 10 GHz, since 


heterogeneities at the input of the system are here excluded. 


In oscillographs of increased sensitivity are utilized 
cathode-ray tubes with deflection system of type of traveling wave 


(TBV). 
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Fig. 10.4. Fig. 10.5. 

Fig. 10.4. Coaxial type deflection system. 

Key: (1). Electron beam. 

Fig. 10.5. Deflection system with coaxial cable: 1 - flask; 2 - 
external conductor; 3 - cross connection; 4- electron beam; 5 - 


internal conductor. 
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In this system (Fig. 10.6) the electron beam is passed between the 
grounded plate and the deflecting element, as which is utilized the 
Spiral, prepared from the metallic tape and which has the semicircular 
form (with the flat/plane side). Spiral is surrounded by the 
screen/shield of the same form, the flat/plane side of screen/shield 
playing the role of the grounded plate. Spiral has constant width, 
the distance between the spiral and the screen/shield is also 
constant; this deflection system operates as the line of distributed 
type transmission. The sizes/dimensions of spiral are selected by 


such, that the phase signal velocity along its axis is equal to the 


rate of electron beam and remains constant. 
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In high-speed/high-velocity oscillographs widely is used Soviet 
tube of type 13L0102M, bandwidth of which is more than 3 GHz [186]. 
The broad-band character of system of TBV is limited to the dispersive 
properties of helix and to the heterogeneities of transition/junction 


from the spiral to coaxial cable. 


For increasing the sensitivity of tubes of such type double-helix 
systems [188] are utilized. The signal through the wide-band phase 
splitter (phase inverter) being investigated in the antiphase is 
supplied simultaneously to two identical deflection systems of the 
type of the traveling wave. As a result of paraphase divergence the 
sensitivity of tube grows/rises two times. These tubes have a 


sensitivity to 0.03 V to the line. 


In wide-band oscilloscope tubes with deflection system of coaxial 
type and TBV resulting passband of circuit of signal affect 


heterogeneities of circuit. 
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Fig. 10.6. Deflection system of type of traveling wave: 1 - plate of 
screen/shield; 2 - strip/tape spiral; 3 - coaxial output. 


Key: (1). Electron beam. (2). input. (3). output. 
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These heterogeneities occur in coaxiai pairs and in the places of 
transition/junction from the helix to the coaxial (for TBV). As it 
was noted in chapter 1 and 2, in the presence of heterogeneity in the 
line is created a certain reactance, which limits the broad-band 
character of system, which causes the distortion of the pulses being 
investigated. In connection with this important value the 
construction/design and the quality of the execution of coaxial pairs 
have at the input of the deflection system of tube. The difficulty of 
obtaining qualitative coaxial pairs usually appears at frequencies of 


3-5 GHz. 


Deflection systems of coaxial type and TBV must be coordinated on 
wave impedance with their termination. Poor agreement also leads to 
the distortion of the signal being investigated. These distortions 
are noticeable with the oscillography of comparatively long pulses and 
especially during the investigation of stationary processes (for 


example, oscillations of SBCh). 
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With the oscillography of very short-term pulses with use of very 
high speed scannings/sweeps signals reflected from load can appear 
after termination of pulse being investigated, without having 
distorted its form, or prove to be entirely out of interval of 
scanning/sweep. Therefore to rate/estimate the broad-band character 
of such tubes with the aid of the frequency characteristics of the 
deflection systems, taken/removed under the conditions of steady 
State, is inexpedient. This evaluation/estimate must be conducted 
according to the pulse transient responses, taken/removed with the aid 


of the very short-term sounding oulses (see Chapter 11). 


Resulting broad-band character of circuit of signal is determined 
not only passband of deflection system of tube, but also by broad-band 
character of cable, which supplies pulse being investigated. Ina 
number of cases the length of this cable proves to be considerable. 

In the oscillographs, intended foi recording the single pulses, the 
onset of which cannot be synchronized since the beginning of the 
starting/launching of sweep oscillator, it is necessary to use the 
cable of delay (Fig. 10.1). The length of the cable segment in this 


case reaches several ten meters. 
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In Chapter 1 the transient and frequency characteristics of coaxial 
cable are examined. On them it is possible to rate/estimate the ) 


broad-band character of the segment of the cable of the assigned 
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length and to determine the time of the establishment of transient 


processes in it. 
Effect of the electron transit time. 


Second reason for distortion of form of pulse being investigated 
and limitation of resolution of high-speed/high-velocity oscillograph 
is transit time effect of electrons in field of deflection system of 


tube. 


If it is electronic during electron transit time along deflector 
plates of usual - beam/radiation tube voltage on plates substantially 
changes, then phenomenon being investigated will be distorted on tube 
face. With the oscillography of the pulses, which have the duration 
of the order of several nanoseconds, the deflecting voltage on the 
plates: changes for the time of 10°°-10-°?° s. In the usual cathode-ray 
tubes, used in the oscillographs for the investigation of microsecond 
pulses, the electron transit time through the deflection system is 
10°’-10°* s. Consequently, such cathode-ray tubes cannot reproduce 


the pulses of nanosecond range without distortions. 


Let us examine the character of distortion of sine voltage of 
high frequency, caused by effect of electron transit time. For the 
electron in the uniform field of the plates of the deflection system 


(Fig. 10.7) occurs the equation 


ay “u 
Mm —. +~@ -- 
dt? ¢ a’ 
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where m, e - mass and electron charge; 


a - distance between the plates. 
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Fig. 10.7. Graph of displacement of the beam by deflector plates. 
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Then for the rate at which there are deflected electrons under 
the action of field u/a, where u - voltage on deflector plates, we 


obtain expression 


th 
wd (ett 10.4 
o= = \ im Hh oe 
uv 


where ‘ ~ electron transit time through deflection system. 


With small divergences of electrons, replacing tangent of angle 
of deflection of ray/beam directly with value of angle itself, we will 


obtain following expression for amount of deflection: 





m= fate al (10.5) 


where v, - longitudinal velocity of electron, determined by value of 


accelerating voltage of cathode-ray tube. 


With sinusoidal deflecting voltage u*U sin wt expression (10.5) 


takes form (182, 184] 
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On 
sin 
Go = WU sin a(t +) a | (10.6) 


where o - coefficient, which determines static sensibility of 
cathode-ray tube, which is equal to 


ely 
>» 
mav, 





here ;,. - length of deflector plates. 


The relation which stands in brackets (10.6), depends on 
frequency of recorded vibrations, sizes/dimensions of plates and rate 


of electrons v,— 


ta’ 
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It determines the degree of the distortion of the amplitude of the 
recorded oscillations under the given conditions. Therefore let us 


introduce the value of the dynamic sensitiveness 


TS or, (10.7) 


With values °" .2n: (where n - whole number) dynamic 
sensitiveness of oscillograph is equal to zero, while at frequencies 


en-- | 


it reaches maximums. In addition to this, as can be seen from (10.6), 


appears supplementary phase displacement to value o/f/2.As a result ) 


amplitude and phase distortions appear. In other words, the 
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limitation of the effective passband of the circuit of the signal of 
oscillograph occurs due to the effect of the electron transit time. 
If we count off passband at level 3 dB, then from (10.7) we will 


obtain 


Oly 
sin -5- 
“— ~= (0,707, 


wl, 2 





whence for the passband we have 


Ape; et (10.8) 


If deflecting voltage takes form of ideal drop/jump with 


amplitude of U, then formula (10.5) of signs form 


Fe Gia = OU ps (10.9) 


i.e., beam deflection grows/rises in the course of time and pulse edge 
is linearly made by flat. At the moment of time /=/,, when electrons 
emerge from space between the deflector plates, their divergence is 
equal 


9, ll, 
but the time of drop is final and is equal to |, (Fig. 10.8). 
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If voltage, subject on plates, linearly increase, i.e., 
u(O=fkt, 


the beam deflection is proportional 


4S QW 
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Rk 2 
P= ae (10.10) 


where -0</<én. 


Character of distortion of form of voltage in this case is shown 
on Fig. 10.9. Of up to moment t' the voltage increases according to 
the parabolic law, and then changes according to the linear, 
corresponding law of a change in the subject to the plates of sweep 
voltage. The value of error in the beam deflection is proportional to 
rate of voltage rise. At the moment of the output of electrons from 
the space between the deflector plates a difference in the assigned 


and recorded voltage will be equal to ok/2. 


, 
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Fig. 10.8. Fig. 10.9. 


Fig. 10.8. Ideal drop in voltage (a) and caused by it displacement of 
the beam taking into account the effect of electron transit time (b). 
Fig. 10.9. Distortions of linearly increasing voltage: 1 - voltage 
on input; 2 - recorded voltage taking into account effect of electron 
transit time; 3 - recorded voltage taking into account limitation of 


passband of deflection system and effect of electron transit time. 
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With an increase in the accelerating voltage used in the cathode- 
ray tube, there increases longitudinal velocity of electrons in beam 
v,e, and, consequently, electron transit time ¢, decreases.Thus, with 
an increase in accelerating voltage increases the frequency of the 
vibrations, recorded with error o,/c. If at the input of usual type 
deflection system operates the linearly changing voltage 


u=0 Tipn t<0 
Keys (1). with. 


and 





| 4e4 
DOC = 88076729 PAGE 


u=kt ipa ?>0, 


Key: (1). with. 


that, using the equivalent circuit diagram of the deflection system of 
tube (Fig. 10.2), it is possible to obtain the following expression 


for the voltage, which operates on the deflector plates: 
u=k [¢ ag RE Ae * (Et sin a¢-+ RC cos it) |. 


If value R is selected close to critical resistor/resistance, . 


then the expression for voltage takes form 


us=k{t—RC(L —e7"*" cos {/RC)]. (10.11) 


In order to consider action of transit time effect of electrons 
through deflection system, it is necessary to use expression (10.5). 
After substituting value of u from expression (10.11) into formula 
(10.5) and after producing integration, we will obtain for diverging 


the electron beam 


k 7 { 2 ‘ . t tn 
= amos [5- RCI + gp OE RE (sin RC — cos RC) |’ . : 


Form of voltage on screen/shield of oscilloscope tube for the 


present instance is depicted as curve 3 in Fig. 10.9. 


For decreasing the electron transit time in tubes with usual ) 


deflection systems are used plates of small length and high rate of 
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electron motion (accelerating voltage several kilovolts). In this 
case simultaneously grows/rises the broad-band character of tube due 
to the decrease of the capacity/capacitance of plates and decrease of 
the inductance of the introductions/inputs, which are 


derived/concluded through the glass of flask/bulb. 
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The sensitivity of such tubes is small. This deficiency to the 
certain degree is removed due to the decrease of the diameter of 
electron beam to such size/dimension, that on tube face is obtained 
the spot by the width only about 0.01 mm [189]. The image of the 
oscillogram on the screen/shield proves to be very small and it is 


necessary to examine it with the aid of the special microscope. 


In oscilloscope tubes with coaxial deflection system of low 
sensitivity electron transit time is determined by width of cross 
connection (Fig. 10.4) and by velocity of electrons. Time of flight 
here decreases to the value of 0.05-0.01 ns by applying of high 
accelerating voltages and decrease of sizes of the powered phases of 


the deflection systems. 


In oscilloscope tubes of type of traveling wave dynamic 


sensitiveness is determined by expression [186] 


ie | I \ 
sin}, {—7 | 
é Uv, Op 


H(E-k) (10.12) 


3qg=- 3 


9 


Ue Up 
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where o - static sensibility, / - length of circuit, uv, - velocity of 
electrons, vu, - phase signal velocity in circuit. Under condition 
vo=% this sensitivity is maximum and does not depend on frequency. 
However, the real circuits have a dispersion and therefore condition 
vo=U» Can be made only at one frequency w,. At other frequencies the 
sensitivity o. is somewhat lower, i.e., the action of the effect of 
the flight of the electrons is developed, and, true, here it is many 


times less than in the standard tubes. 


Therefore, for tubes of TBV important is the selection of such 
accelerating voltage when the condition v,=v», is satisfied at that 


frequency, at which passband of tube proves to be greatest. 
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The broad-band character of system TBV, determined by the effect of 
the flight/span of electrons, is evaluated according to cut-off 
frequency »,,. at which 3, (#;,)==0,707, and the time of establishment is 


approximately equal to tye Thus, knowing the dispersive 
characteristic of circuit %)(») and using formula (10.12), it is 


possible to find », and then 1,. 


Resolution of oscillograph and minimally permissible duration of the 


pulse being investigated. 


If we are not concerned about distortions in circuit of signal, 


then the time resolution of oscillograph can be determined through 


$57 
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scanning speed «, and width of line of electron beam on screen/shield 


da: 


At, =~. 


u 


n 


This potential temporary/time resolution with contemporary 
cathode-ray tubes with high-quality focusing systems, which make it 
possible to obtain beam width d of less than 0.1 mm, and at scanning 
speed, close to speed of light, proves to be order 10~-+?7-10-?' s. 
However, with the oscillography of the repeating pulses, the observed 
on the screen/shield (dynamic) beam width is determined not only by 
the construction/design of cathode-ray tube and by the quality of the 
focusing system. At scanning speeds, close to the speed of light, 
even the very small temporary/time instability of the oscillograms of 
the repeating pulses leads to a considerable increase in the width of 
the line of ray/beam on the screen/shield (chattering of image) [190, 


191). 


If temporary/time instability of scanning/sweep is equal to At,, 
then dynamic beam width on screen/shield, expressed in units of time, 


will be 


At, = At, + Af,. 


Furthermore, most important reason, which decreases 


temporary/time resolution of oscillograph, is finite time of 


a 
tant Pe pt 


establishment of transient processes in circuit of signal of 


a “ae a 


| CS % 
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oscillograph. 
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In the general case it is possible to rate/estimate the resulting time 
of the establishment of the circuit of the signal of 
high~speed/high-velocity oscillograph if known the time of 
establishment in coaxial cable, which supplies the pulse 4. being 
investigated the time of the establishment of voltage in the 
deflection system of oscilloscope tube ¢;,, and the electron transit 
time in the field of deflection system 4. Since all enumerated factors 


affect the period of establishment in the circuit of signal 


independently, the resulting time of establishment can be evaluated by 
the expression 


ty=VY +h tty. 


Knowing time of establishment of circuit of signal and dynamic 


beam width, it is possible to rate/estimate minimum duration of image 


of pulse on oscilloscope face. Thus, in the case of the oscillography 


of square pulse with the gradual decrease of its duration the form of 
the obtained on the screen/shield image will increasingly more differ 


from rectangular, approaching a pulse of the type front - through, to 


close one in the form to the triangular. The duration of this pulse, 


measured at the level of half of its amplitude and equal to 


At=ty + Ata, (10.13) 


can characterize the resolution of oscillograph. 
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For increasing time resolution, thus, it is necessary to decrease 
time of establishment of transient processes of circuit of signal fy 


and to raise stability of scanning/sweep, i.e., to decrease At,. 


For decreasing time of establishment ¢, it is necessary to 
utilize small sections/segments of most adequate/approaching coaxial 
cables (see Chapter 1), to use oscilloscope tubes with very wide-band 
deflection systems (coaxial type and TBV) and with minimum electron 
transit time. The time of establishment ty in the cable with a length 
of 1m can be 0.02 ns. Coaxial type widest-band deflection systems 
and best samples of systems of TBV have the time of establishment of 
0.025-0.08 ns. The electron transit time succeeds in decreasing to 


0.05-0.02 ns. 
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The value of the instability of the channel of scanning/sweep At, in 
the developed very high speed oscillographs is reduced to che value of 
0.015 ns [187, 191]. Therefore in the best cases value At proves to 


be approximately equal to 0.06 ns. 


With oscillography of single pulses is eliminated need for 
considering instability of scanning/sweep, i.e., 4t,=0 and therefore 
At,=Al;=10"" ns. However, in this case in the circuit of signal 
usually it is necessary to use the cable of delay with a length of 10 


mand more. Therefore, value t;, proves to be more than 0.15 ns that 


we gd ee Re ee ae ee ee ee, ee 
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the resolution of oscillograph is decreased. 


Evaluation/estimate of minimum permissible duration of pulse, 
which can be reproduced on oscillograph with accuracy assigned in 
duration is of interest. Due to finite time of the establishment of 
the circuit of signal the duration of the front of the signal being 


investigated, which has at the input duration fm. increases by value 
Aly = V Ye +t) = hays 


For right-angled pulse #,,=0 and Afy= t,. Total increment in the 
duration of square pulse ¢, is equal to Af,=-A/=/,4-4t:. If the 
permissible error in the reproduction of pulse in the duration p, 


expressed in the percentages is assigned, then 


i 100 viv. 


Permissible minimum duration of square pulse, reproduced by 


oscillograph with accuracy in duration pv 


at 
fn an = Vv 100 


hence there is determined. 
Consequently, an increase in the time resolution of high-speed 
oscillographs is connected not only with expansion of passband of 


circuit of signal, but also with increase in stability of functioning 


electronic circuits of channel of scanning/sweep. ) 





| 
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During development of high-speed/high-velocity oscillographs 
selection of type of cathode-ray tube and minimum sweep length is 
determined by assigned temporary/time resolution and sensitivity of 
oscillograph. However, if it turned out that the tube was given and 
the bandwidth of its deflection system was known, then it remains to 
select optimum scanning speed. This rate must ensure the best time 
resolution and not be excessive with large. Actually, if known is the 
value of the time of the establishment of the circuit of signal 4, and 
the width of the line of ray/beam on the temporary/time scale At,, 
i.e., is given \t=ty+At, then it is expedient to select scanning speed 
vp=l/At. This rate must be such that the interval of time At would 
correspond on the screen/shield to the length /, sufficient for the 
Clear observation and recording the pulse. Higher scanning speed only 
will complicate it will only complicate obtaining the stable work of 


diagram. 


10.3. OSCILLATORS OF HIGH-SPEED SCANNINGS. 


Fundamental requirements and characteristics. 


For oscillography of pulses with duration from 0.1 ns to tens of 
nanoseconds are required scannings/sweeps with duration from one to 
hundreds of nanoseconds. Depending on the sensitivity of tube rate of 


change of sweep voltage must be from 10° to 10%? v/s. 


For obtaining high-speed scannings there are utilized a linear 


eee ye 


nN eR ane ESE Leta DT ARS UE: 9 - Sacre mam ar 








Boa 


DOC = 88076729 PAGE “2 


generator analogous to sweep oscillators of microsecond range, and 


specific oscillator circuits of nanosecond scannings/sweeps. 


Sweep oscillators are characterized by following parameters: 
- with value of working drop in voltage 4%: 


- with sweep length /7,,; 


with duration of sweep retrace (recovery time) 17.; 


- by percentage distortion 


1 Nae = 10 ne 10.14) 
Y= { a’ (O [wane : ( 


where ,'=%. 
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If for the sweep voltage there is utilized the initial section of 


charge or capacitor discharge through the effective resistance, then 


te tpts E ; (10.15) 


where E£,, - the steady-state value of voltage across capacitor; 

|; and /, - initial and finite quantity of the current of the 
charge (or discharge) of capacitor; 

~ by effectiveness of sweep oscillator, evaluated by the voltage 
efficiency, i.e., by the attitude of operating voltage to supply 
voltage E: 


Wn, 
a= it (10.16) 


~ with the delay time of the starting/launching of the oscillator 
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of the waiting scanning/sweep t,; 


-by stability of the delay time of the starting/launching of 


sweep oscillator At,/t,. 


At maximum speeds of scanning/sweep causes difficulty, both 
obtaining given speed and guaranteeing of proper linearity and 
stability of scanning/sweep. If in the sweep oscillator the diagram 
of charge or discharge of capacitance C through the effective 
resistance is utilized, then for obtaining high scanning speed it is 
necessary to ensure the considerable current through the 
capacitor/condenser 


, due 
“dt ~ 


At rate of change in voltage of order of 10*?-10?? v/s and 
smallest possible capacitances of capacitor, equal taking into account 
stray capacitances of diagram, for example, 20 pF, current takes value 
of 2-20 a. During the use of usual oscilloscope tubes with the 
deflection systems in the form of plates it is necessary to also 
consider the effect of capacitive coupling between the plates of the 
systems of horizontal and vertical deflections. The 
capacity/capacitance between the adjacent systems of deflector plates 
is the part of capacitor voltage divider, whose second arm is formed 


by stray capacitance between the deflector plates and earth/ground. 


Page 524. 
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With a decrease in this capacitance the interconnection between the 
systems of the horizontal and vertical deflection of ray/beam 
grows/rises. For decreasing this connection/communication they 
sometimes specially increase the capacity/capacitance of deflector 
plates relative to the earth/ground. This entails an increase of the 
charging current in sweep circuit. Thus, the capacity/capacitance of 
deflector plates and the parasitic wiring capacitance of diagram 
present very noticeable load at the output of sweep oscillator. 
Therefore, in the diagram the tube, which has a sufficient pulse 


power, must be used. 


In high-speed/high-velocity oscillograph are utilized cathode-ray 
tubes with high voltage of acceleration, which decreases sensitivity 
of deflection system and leads to need for using sweep voltage on the 


order of hundreds of volts. 


The indicated requirements to pulse generators of sweep voltage 
of high-speed/high-velocity oscillographs can be most simply satisfied 
in thyratron diagrams. In such diagrams it is easy to ensure 
considerable current with the relatively low supply voltage. With the 
thyratrons, designed for higher voltage, very fast sweeps can be 


obtained, since current pulses in them reach several ten amperes. 


However, as noted in chapter 3, majority of thyratrons works at 


repetition frequency not more than 5-30 kHz, but ignition time lag of 


J 


thyratron relative to moment/torque of its starting/launching can be 
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more than 100 ns. Furthermore, some thyratrons have the low stability 
of ignition. Therefore, for obtaining the scanning/sweep with a 
duration it is less than 10 ns, when the increased stability of 
starting/launching has already been required, it is expedient to 
utilize diagrams on vacuum lamps. Thus, depending on the 
designation/purpose of oscillograph and required scanning speeds can 


be used sweep oscillators on thyratron or vacuum lamps. 


For obtaining photographs of pulse from tube face of oscillograph 
it is desirable so that electron beam would cause glow of 
screen/shield only into moment/torque, which directly precedes 


appearance of sweep voltage on deflector plates. 
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After the passage of ray/beam along the screen/shield it must be 
extinguished and the glow of screen/shield is ended. For this in the 
oscillograph is used the diagram, which creates the pulses of 
illumination, supplied either to the cathode or to control electrode 
of tube. The pulses of illumination must be short-term with the very 
steep front and it is rigidly synchronized with the scanning/sweep, 
which is necessary for the timely and very rapid illumination of the 
ray/beam of tube. Therefore the stages of starting or preliminary 
formation of high-speed scanning simultaneously are utilized for the 


impulse shaping of illumination. 


Methods of obtaining the high-speed scannings. 


0 eas iN EL hike 


eee oe ee ame See ee 


a 





Boo 


DOC = 88076729 PAGE 2% 


In the case of construction of sweep oscillator on vacuum lamps 
requirement of large pulse currents is fundamental during selection of 
sweep circuit and tube itself. At the same time the scanning/sweep 
must be sufficient linear, and the duration sweep retrace, i.e., 


recovery time of diagram is small. 


These requirements can be satisfied in simple sweep circuit, 
which works on principle of charge or capacitor discharge. For 
retaining/maintaining the linearity of scanning/sweep the circuital 
current of capacitor/condenser must be supported constant value. The 
current-stabilizing element relies on high currents. The value of 
output resistance of sweep oscillator must satisfy the condition for 
the smallest distortion of the form of sweep voltage (as it is 


indicated in § 10.1). 


Application in sweep oscillator of vacuum lamp as commutating 
element is connected; however, with possibility of distortion of 
initial part of scanning/sweep due to effect of form of trigger pulse. 
Actually, if the pulse edge lasts the time interval, commensurate with 
the sweep length, then sweep voltage together with the parameters of 
charging circuit will be determined by the character of the 


build-up/growth of the front of trigger pulse. 
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Let the front of trigger pulse increase according to the linear law, 
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then the current of charge of capacitor in the sweep circuit also 
increases according to the linear law 

i= kt 
and voltage across capacitor will be 


ty t 
er. ke? 
"=e | idl = x 
0 u 





where {, - duration of the front of trigger pulse. 


Voltage across capacitor for rise time of trigger pulse changes 
in time according to parabolic law. Therefore it is desirable so that 
the trigger pulse would have the large steepness of front and 
relatively flat/plane apex/vertex. This is all the more important, 
the more the scanning speed increases. The different methods of 
increasing the linearity of scanning/sweep are used for maintaining 
the constancy of scanning speed. Are known the oscillator circuits of 
scanning/sweep of microsecond the range, where is utilized charge or 
capacitor discharge, with the application of the current-stabilizing 


two-terminal network (Fig. 10.10). 


In the case of charge of capacitor voltage on it changes 


according to the law 


a@=(E+ E)(1 —e *), 


where £, and R, - equivalent voltage and resistor/resistance of 


current-stabilizing two-terminal network. 
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In this case percentage distortion 


Since usually £,>€E. 


As simple current-stabilizing two-terminal network is utilized 
pentode, for which equivalent voltage £, attains several kilovolts. 
Sweep circuit with the pentode can be used also for the 
high-speed/high-velocity oscillograph, if required scanning speeds are 


provided with the currents, permitted for the pentodes. 
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Fig. 10.10. Equivalent sweep circuit with current-stabilizing 


two-terminal network. 


Page seas the more compound circuits of the current-stabilizing 
two-terminal networks contain feedback loop on the current. Thus, in 
the microsecond range for obtaining increased scanning speeds with the 
satisfactory linearity is found use of the diagrams, in which is 
utilized the charge of capacitor in the presence so-called 


compensating emf. (Fig. 10.11) [1]. 


Here with the aid of capacitor/condenser of considerable 
capacity/capacitance of C,>>¢ and cathode follower L, there is formed 
the current-stabilizing circuit, which supports current i of constant 
value during charge of capacity/capacitance of C, i.e., with formation 


of linearly changing sweep voltage uu. The charging current 


Co 


Ey ($e) 
ee ren 


R 


where c,({) - compensating emf, which ensures the compensation for a 
change in voltage across capacitor uc(‘) so that the strength of 
current i remains capacitor/condenser it presents the series 
connection of the source of equivalent emf £,, resistor/resistance R 
and equivalent capacity/capacitance Cy 


C 
C= 7k 
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where K - transmission factor of the cathode follower 


3 SR, 
K=TTSR, 


and 


RR, 
Rut Ry ; 


R= 





a re 
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Fig. 10.11. Sweep circuit with current-stabilizing circuits. 
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Equivalent voltage 





here u, - residual voltage across capacitor C at initial moment of its 


charge. 


Percentage distortion 








Wp tv VK) te V+ RER) (19.17) 


= 
~~ 


tee, ah; Ew) 


where uw - factor of amplification of tube L,. 


In the case of applying this diagram for obtaining scanning/sweep 
with duration several of ten nanoseconds are required tubes, designed 
for considerable current which with minimum for this diagram 
capacity/capacitance of 20-30 pF and sweep voltage with amplitude 
about kilovolt it reaches value more than ampere. For obtaining the 


high current necessary to decrease charging resistor of R (less than 1 


Wr te ee 


wee 


DOC = 88076729 PAGE Sa 


kilohms), and this impedes the selection of tube L,, since its 
internal resistance must be considerably lower than the 
resistor/resistance of R, since this tube is intended for the 
capacitor discharge C in the period of the restoration/reduction of 
diagram. If this condition is not satisfied, then the residual 
voltage across capacitor u, grows/rises and the voltage efficiency £ 
proves to be very small. Furthermore, the low value of 
resistor/resistance R, worsens/impairs the mode of operation of 


cathode follower [1]. 


Therefore in high-speed/high-velocity oscillographs during 
scanning/sweep with duration several of ten nanoseconds (minimally to 
10 ns) car be used modified schematic of this oscillator (Fig. 10.12) 
[192]. The here commutating tube L, is connected in series with 
capacitor/condenser C. Resistor/resistance R, of small value is 
intended for the capacitor discharge C in the period of the 
restoration/reduction of diagram. Tube L, is designed for the high 


current. 


BPE eee ae: 
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Fig. 10.12.. Sweep circuit of nanosecond s-band current-stabilizing 


circuit. 
Page 529. 


In this case, if we do not consider the effect of the 
current-stabilizing two-terminal network (C, and L, they are 
disconnected), for the circuit we wili obtain the equation of charge 


of capacitor C 


pe 
du: 


S405p 


where i - current of conducting tube L,, R,=const - its resistance. 


Voltage across capacitor C in this case changes according to the 


law 
t 
1 ae 
= RE ree ’ 
where 
RR: 
t= CR RT 
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If we now consider effect of current-stabilizing two-terminal 
network, just as this done for diagram in Fig. 10.11, then for 


percentage distortion we will obtain 


uy up (1—K)__ (10.18) 


= 


—_ i =—sTr . 
Y=, ~ REMRo +R) 


Value of percentage distortion in this diagram is not more than 


10%. Working sweep voltage attains the value 


RE . 
Re TR, ~ He SF, 


In this case voltage efficiency & proves to be equal to 0.8-0.9 
even at high scanning speeds. In the case of high-speed 
scannings/sweeps the percentage distortion is sometimes permitted 
order 10-15%, since in the diagrams the calibrator of sweep length 
commonly is used. This makes it possible to utilize simpler methods 
of the linearization of scanning/sweep. Such methods, in particular, 
include the charge of the capacity/capacitance through RL-network. 
The use of the corrective inductance L, connected in series with 
capacitor/condenser C and effective resistance R, makes it possible to 
support the constancy of the charging current i, since current i 
induces in coil L of emf, which counteracts to a change in the 


current. 
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If circuit is found in oscillatory mode, then voltage across 


capacitor 


ug = E+ ay em" sin (ot -- 9). 


Initial part of oscillogram of voltage “c will be more linear, 
the higher energy factor of duct/contour. The value of operating 
voltage uc here can be more than supply voltage, i.e., the voltage 


efficiency £>1. 


With formation of voltage of high-speed scanning similar diagram 
finds use as circuit, which converts the drop in voltage into linearly 


changing voltage of assigned slope/transconductance (Fig. 10.13). 


Let us assume that at the input of the circuit an ideal drop in 
voltage operates. For the voltage and the circuital current we have 
expressions 


ue =U [1 — poe (he — Be) |, 


ton HUES ap oh xis 
i= pay, 8 e* — 8, cM), 


where 


—L$EVE IRL 
Baga 


U=E—U,, here U, - a voltage drop across the commutating element. 
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Change in voltage across capacitor is close to linear dependence, 


if circuit is found in oscillatory mode. 
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Fig. 10.13. Forming circuit for obtaining voltage of high-speed 


scanning. 
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Expressions for the current and the voltage in this case take the form 





—at _—_— —_ 
uo=U {1 — Ses [yo — a? cos Vw — at — 


— asin fo? — ae}; 
i= UC-e~™ [22 cos Vo? — att + 


+( Vora ke aaa) sin }“a*— a? f}, 





where 


Percentage distortion for voltage across capacitor is determined 


by relation 


Counting t,=0, we will obtain for percentage distortion following 


expression: 


oe re eg 


* 
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y= 1 — RCO 2a cos} “w*-- af, + 


+(Ver =a ~~ rare) sin Vo? =a, |. (10.19) 
Condition of minimum value of percentage distortion is equality 


Vo? = a? = % 


or 


L=0,8R°C. (10.20) 
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Fig. 10.14. Dependences of current and voltage from scanning time 
and percentage distortion from voltage for circuit design of 


scanning/sweep. 
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Pig. 10.14 depicts dependences of current and voltage from 
scanning time, and also percentage distortion from value of change in 
voltage across capacitor, used for scanning/sweep. In the figure 


there is denoted 


a, 
i= 1 = 4,/RC, 


It follows from Fig. 10.14 that during the use for: scanning/sweeping 
only the part of voltage across capacitor, it is possible to obtain 
the sufficiently linear dependence of voltage from the time. With 


n=0.18 the current has maximum value and is equal to 


Iuaxe = 1,025, 


whence percentage distortion can be determined according to the 


sew pita itn ye, 








Exo 


DOC = 88076730 PAGE & 


I—], 
formulas Y= i npu 71<0,18 





Key: (1). with. 


and 


- ) 
yo oer y, ‘npH nz 0,18, 


Iuane 
Key: (1). with. 


where 


Here I, - initial sweep current, i.e., =% with n=0. 


Utilizing time interval, limited by value n=0.5, it is possible 
to obtain sweep voltage with amplitude U/2 with percentage distortion 
of order 5-7%. If in sweep circuit were utilized the integrating 
circuits of the type RC, then with the same sweep amplitude percentage 


distortion would attain approximately 50%. 


Values of percentage distortion, founa according to 
above-indicated relationships/ratios and Fig. 10.14, are valid only at 
ideal drop in voltage, supplied to the input of integrating circuits. 
In the real diagram the nonlinearity increases because a drop in the 


voltage has a certain final duration of front. 
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In practice the value of percentage distortion does not exceed 10%. A 
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deficiency in this method of the formation of scanning/sweep is 


considerable recovery time of diagram, which limits sweep frequency. 


High-speed vapor phase scanning/sweep can be obtained in diagram 


with power tetrod as commutating tube (Fig. 10.15). 


Advantage of application of tetrode over triode consists in the 
fact that it has smaller input capacitance and, furthermore, potential 
change on screen grid of tetrode to the same value, as on cathode, is 
not caused change in anode current. This fact is very important for 
obtaining the sufficiently line voltage of scanning/sweep. The 
capacitor/condenser of the corresponding capacitance of C, is included 
for this purpose between the screen grid and the cathode of tetrode. 
With the triggering/opening of tube by positive pulse, supplied to 
control electrode, capacitor/condenser C, is discharged by the anode 
current of tube, and capacitor C, is charged by anode and screen 
current. Because of the action of capacitor/condenser C, the currents 
of charge and discharge remain approximately constant value during the 
duration of steering impulse. In the period of the 
restoration/reduction of diagram capacitor/condenser C, is charged 
through resistor/resistance R., and capacitor/condenser C, is 


discharged through resistor R,. 


Power tetrodes provide current, which makes it possible to obtain 
scanning speed on the order of 10° cm/s with percentage distortion not 


more than 10%. For the formation of the high-speed scannings of 
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different duration it is possible to utilize an electron tube 
simultaneously as the amplifier of the linearly changing voltage and 


as the source of a steep edge in the voltage for the integrating 


circuits (Fig. 10.16). 
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Fig. 10.15. Diagram of high-speed vapor phase scanning/sweep on a 


tetrode. 
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Its amplification by high- power tube occurs after admission to 
control electrode of preliminarily formed linearly changing voltage. | 
For obtaining the scanning/sweep with the maximum speed (on the order 
of 10° cm/s) the linearly changing voltage is removed/taken from the 
anode of tube and is supplied directly to the deflection system of 
tube. The linearity of scanning/sweep is determined by the shape of 
pulse at the input of tube and by the possible distortions due to the 
parasitic parameters of tube and anode circuit of diagram. In 
obtaining of scannings/sweeps with the lower speeds a drop in the 
voltage from the anode of tube is supplied to the integrating 
circuits, with the aid of which are formed/shaped the necessary 
scannings/sweeps. The linearity of these scannings/sweeps is 
determined in essence by the character of the integrating circuits and 

(. by the slope/transconductance of an initial drop in the voltage. For 


increasing the linearity of scanning/sweep can be used LCR the 
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integrating circuits, described above. 


If requirements for stability of starting of scanning are not 
very rigid, then as a commutating element it is expedient ta utilize a 
thyratron. Thyratron diagram is more economical. With the aid of the 
thyratron easy to obtain considerable currents with the voltage on its 
anode of approximately 1 kV, while for the power tetrads is required 
the voltage into several kilovolts. During the use of a thyratron it 
is easy to obtain the initial drop in the voltage of large 
Slope/transconductance, which then can be supplied to integrating 


icR-chain. 
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Fig. 10.16. Oscillator circuit of scanning/sweep with forming 


circuit. 
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High scanning speed can be obtained by simple method, if we 
utilize properties of characteristic of ionization of thyratron (Fig. 
10.17a). As the sweep voltage here is utilized the voltage drop 
across the equal in magnitude resistors/resistances of R, and R,, 
which is created due to the discharge of capacitor C,. With 
sufficiently great capacity C,, i.e., if CiRu dt, (Ru=Rr+Rit2). voltage 
on resistors/resistances of R, and R, follows the form of the 


characteristic of ionization (Fig. 10.17b). 


For scanning/sweep is utilized only section of linear build-up of 
characteristic of ionization. The linearity of scanning/sweep is 
determined by the properties of thyratron, and percentage distortion 
does not usually exceed 15-20%. Changing supply voltage, it is 
possible to obtain different scanning speeds (continuously variable 
control). The linear section of the characteristic of ionization has 


a duration from 2 to 10 ns, which depends on the type of thyratron and 


2 et iigeemitttmyso* 


vr. 


~ 


“et Sas Je 


DOC = 88076730 PAGE RQ 


value of anode voltage. In this case the sweep voltage can reach 
hundreds of volts even with the low-power thyratrons. Consequently, 
this diagram can be used for obtaining high scanning speeds, which 


reach 3°10’ cm/s. 


To deficiencies in generators with thyratrons it is necessary to 
relate difficulty of achieving stable work of diagram, comparatively 
long delay time of starting of generator and low maximum sweep 


frequency, equal to 5-10 kHz. 
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Fig. 10.17. Diagram of high-speed scanning/sweep (a), in which is 


utilized process of ionization of thyratron and sweep voltage (b). 
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Factors, which determine operational stability of diagram with 
thyratrons, are examined in Chapter 3. During the correct selection 
of the type of thyratron and with the observance of the proper working 
conditions for its in the diagram of high-speed scanning, as 
investigations showed, the stability of the starting can be led to the 
tenths of nanosecond (0.2-0.1 ns) [3]. This high stability is 
especially necessary with the oscillography of repetitive pulses with 


the duration in all into several nanoseconds. 


Considerable delay of starting of thyratron sweep circuit 
(reaching 100 ns and more) has value during recording of single 
pulses. In the case of recording the repeating pulses delay factor of 
starting does not play the significant role, since in the diagram it 
is always possible to provide synchronization of the moment of the 


starting of scanning relative to the moment/torque of the arrival of 
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the pulse being investigated. In sweep circuit on the thyratrons it 
is possible to carry out continuously variable control of delay time 


by changing the bias voltage on control electrode. 


Methods of formation of linearly changing voltage examined do not 
make it possible to obtain very high speed scannings/sweeps, for which 
is necessary rate of change in voltage of order of 10°° v/s. The need 
for such rates of change in the voltage appears in the very high speed 
oscillographs. In such oscillographs it is necessary to use high 
accelerating voltage, which, however, decreases the sensitivity of the 
horizontally deflection system. In these cases is necessary working 
the sweep voltage on the order of 1 kV. The sweep length of such 
oscillographs is sometimes less than 1 ns, which can correspond to 


scanning speed, close to 3°10'° cm/s. 


This high rate of change in voltage is easily achieved by use of 
ferrite forming lines, where shock electromagnetic wave is formed. In 
Chapter 4 the description and the calculation of such lines is given. 
The oscillator circuit of scanning/sweep with the nonlinear forming 


line on the ferrites is given in Fig. 10.18 (187). 


Page 537. 


Linearity of this scanning/sweep (i.e. form of front of obtained 
drop/jump) is determined in essence by quality of forming line and by 
parasitic parameters of mounting of diagram. “fhe correct 


identification of the parameters of the cells of the forming line and 
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their sufficient number makes it possible to form a drop in the 
voltage, the nonlinearity of working section of which does not exceed 
10-15%. The application of a constant magnetic biasing of ferrites of 
line makes it possible to obtain continuously variable control of the 
delay time of line, which is substantial for the synchronization of 
the moment/torque of the beginning of scanning/sweep and arrival of 


the pulse being investigated. 
Reasons for the instability of scanning/sweep. 


At high scanning speeds appears difficulty in obtaining of stable 
position of pulse on time axis of oscillograph being investigated, 
reason for which can be insufficient stability of parameters of 
linearly changing sweep voltage. If during the observation of 
repetitive pulses change the delay time of scanning/sweep, the value 
of the initial level of the working section of scanning/sweep and the 
average speed of working section, then the temporary situation of 


pulse will be unstable, and its form is distorted. 


Let in the sweep circuit a charge occur or capacitor discharge is 


utilized linear section of change in voltage 
u(t)=U,+k(t—t), 
where U, - initial level of working section of scanning/sweep; t, - 


moment/torque of beginning of straight/direct trace of a scan; k - 


slope/transconductance of change in voltage. 
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Fig. 10.18. Oscillator circuit of scanning/sweep with nonlinear 
forming line on ferrites. 


Key: (1). Input. (2). Output. 
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Let there be at moment /=4, a linearly increasing sweep voltage 


u(t)=uy, then for scanning time 4, 


up —U, 
yoett as 


If we do not consider nonlinearity of scanning/sweep, then value 
of the time error in scanning/sweep depends on effect of parameters 
t,, U, and k. Magnitude of error of scanning time due to a change in 
the delay of the starting of sweep oscillator is equal to an error in 


this delay: 
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ty t, ; 


Error due to change in rate of working section of scanning/sweep 
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and error due to change in initial stress level of scanning/sweep 





Change in scanning speed Ak/k and initial stress level AU,/u, 
depends on stability of source of anode voltage. A change in the 
value of the anode voltage of tube can lead to a change in the value 
of voltage across capacitor residual after the restoration/reduction 
of diagram. The value of this error depends on the type of diagram 
and characteristic of tube. The same reason produces a change in the 
strength of current of the charge (or discharge) of 
capacitor/condenser and leads to the error in the rate of the working 
section of scanning/sweep. Both these errors are usually small under 


the condition of a good stabilization of power supply. 


Instability of moment of triggering of sweep oscillator of 


high-speed/high- velocity oscillograph plays significant role. 
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In the channel of the starting of high-speed scanning several 
cascades/stages on the electron tubes, which work in the waiting mode 
and intended for a consecutive increase in the steepness of the front 


of the trigger pulse of sweep oscillator, commonly are used. 


Let us examine reasons for instability of starting with any of 


cascade/stage (pulse amplifier or relaxation oscillator in waiting 
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mode), which is located in trigger circuit of sweep oscillator. 
Usually the tube of this cascade/stage in the initial state is closed 
by bias voltage EF.» (Fig. 10.19). From the preceding/previous 
cascade/stage the grid of tube comes trigger pulse 4s (/). during the 
build-up/growth of front of which occurs the triggering/opening of the 
tube of the cascade/stage in question: The beginning of the starting 


of the cascade corresponds to moment/torque t,, when wnx(/) =£:. 


Moment of triggering of tube will be unstable, if changes value 
[,= Ew—E, and steepness of front of trigger pulse (dusx(f)/d)... With 
the aid of Fig. 10.19 it is possible to rate/estimate the value of the 
instability of the moment of triggering of tube [193]. Representing 
small changes in the values by differentiation, for changing the 


moment of the triggering of tube we will obtain 


poe on. alla 10.21 
At, — (dan) dt), =h . ( 
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Fig. 10.19. Graph which elucidates triggering/opening of tube by 


linearly increasing voltage. 
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Since change in potential of closing of tube depends on change in 
anode voltage and filament voltage, i.e., E£,=- j(E,,u,), the 
" : of = 
dE, dE ey t+ dpe dE at jug dit 
— dE ou + Adb a -| Bdtiy, 


where A and B - proportionality factors. 


According to (10.21) for At, we will obtain 


A, = diy (t) 
( at Ve 


(dE ce + AdE, + Bdu,). 


If trigger pulse enters with certain instability At,, then 


resulting instability of starting of cascade 
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At = At, + At,. 


In the particular case if the front of trigger pulse is linearly 


increasing function, 


tax (= (t—t), 


where U - amplitude, and /‘, - duration of front of trigger pulse, then 


delay of starting of cascade is determined by expression 
ty ty ty 
ty =, os. t, = Upx Qro=c (Eex — Ex) = U E, 


or 
dt, = dE + - dty— eve dU. 


Passing to increases in value, we will obtain for instability of 


Starting of cascade 


at = ate (“Ett pie 7): (10.22) 


If the front of trigger pulse increases exponentially: 
pz (t) =U (1 — ew" ), 


that instability of triggering of cascade will be initial sector of 


the front of pulse [193] 


E,xz_ (SE, _ su 
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And (10.23) it is evident from expressions (10.22) that with 


increase in bias voltage f., (i.e., with an increase in E,) increases 


instability of starting At,, which depends on change in voltage E, and 
steepness of front of trigger pulse. As is evident, with the linearly 
increasing front of trigger pulse instability At, depends on value 
4E,/E,, and during the exponential build-up/growth of front the 
instability in all cases depends to a considerable degree on value E,, 


which it is desirable to take as small as possible. 


To instability of starting of cascade besides instability of 
supplies of power (technical instability) and instability of 
parameters of trigger pulse factors, connected with presence of 
fluctuations, caused by noise of resistors/resistances of diagram and 
tube, will also affect (natural instability). Therefore in the 
general case the problem about the instability of the moment of the 
triggering of start-up circuit is a statistical problem. Are at 
present indicated the solutions of this problem only in general form 
(194, 195]. Thus, the total instability of the moment of operation of 
electronic relay, including natural fluctuations, is determined by 
expression [195] 

' ditys(t) - da, (t)]? 
[ dt i [ dt ies 
[“F"], =t, ne 
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where &(t) - total small fluctuation enumerated in input circuit of 


{ 
| 
cascade/stage. | 


However, in available literature there is no evaluation/estimate ; 
of natural instability in waiting diagrams, and therefore, without 
knowing value é(t), even in the case of linear approximation/approach 


it is impossible to calculate value At,. 


In developed samples of very high speed oscillographs [187, 191] 
experimentally was determined instability of triggering time of 
trigger circuits and sweep oscillators. Thus, the total instability 
of entire channel of scanning/sweep can have a value +(1-2)x10~-?' s. 
With further decrease of this value, apparently, is necessary 


reduction in noise in the cascades/stages of diagram. 
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10.4. IMPULSE SHAPING FOR THE STARTING OF SWEEP OSCILLATORS. 


Requirements for the trigger circuits. 


Pulses for starting of generators of high-speed scanning must 
have a very steep front, sufficient amplitude and high stability of 
their parameters. The parameters of pulses are determined by the 


oscillator circuit of scanning/sweep. 
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For the starting of sweep oscillators, which work on electron 
tubes, pulse must have large steepness of front and flat vertex. In 
the commutating tube of sweep oscillator increases insufficiently 
rapidly with small steepness of the front of the starting current 
pulse and therefore the initial section of scanning/sweep proves to be 
nonlinear. This especially is developed at very high scanning speeds. 
The duration of the front of trigger pulse must be considerably less 
than the sweep length (with exception of those cases, when the 
build-up/growth of the front of trigger pulse it is utilized further 
as the scanning/sweep). The presence of oscillations and overshoots 
at the pulse apex also leads to an increase in the percentage 
distortion of scanning/sweep, since the change of the current strength 
in the tube, which appears in this case, distorts the form of sweep 
voltage. Trigger pulse wave in these diagrams is determined by the 
duration of straight/direct trace of a scan and it is desirable so 


that it would be regulated. 


During starting of sweep oscillators, which work on thyratrons, 
requirement for trigger pulse less rigid. The pulse duration here 
must not be very small and is determined not by the duration of 
straight/direct trace of a scan, but by the conditions of the stable 
starting of thyratron. Therefore the duration of trigger pulse 
lies/rests within the limits of several microseconds. 

In thyratron oscillator circuit of scanning/sweep front of 


trigger pulse does not have direct effect on degree of linearity of 





scanning/sweep, as it takes place in diagrams on vacuum lamps, since 
current strength in thyratron after its ignition is no longer 


determined by trigger pulse. 
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The front of trigger pulse must be selected from the condition of the 
stable starting of thyratron. The steepness of the pulse edge is 
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necessary the order of 10’ v/s. 


It is desirable so that output circuits of trigger circuit of 
thyratron would be low-resistance. The diagrams, which form trigger | 
pulses, must have short delay time, which is especially important with 
the oscillography of single short-term processes. | 
| 
In designs of high-speed oscillographs rigid synchronization of 
moments of beginning of scanning/sweep and illumination of 


straight/direct course of ray of oscilloscope tube and moment of 


ee 


supplying temporary/time markers for calibrating scanning/sweep is 
important. Therefore pulses for the starting of sweep oscillator, 
pulse-shaping circuit of illumination and modulator of high- frequency 
mark generator are formed/shaped in the single trigger circuit of 


oscillograph. 


( 
At high scanning speeds all trigger pulses indicated must have ! 


steep front and be characterized by stability. Furthermore, in the ) 


trigger circuits of oscillograph it is desirable to provide impulse 
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shaping for the starting of external diagrams, since oscillograph can 
work both in trigger conditions from the external diagram and in the 
mode of its own starting. In the second case the starting of the 
diagrams being investigated is conducted from the oscillograph. Pulse 
repetition rate of starting must be regulated in the considerable 


limits. 


Generator of driving pulses is fundamental synchronizing circuit 
of starting system of oscillograph. The pulses developed by it must 
be formed into the trigger pulses of the necessary amplitude and 
duration with the high steepness of front. Blocking oscillator is the 
most adequate relaxation diagram for the impulse shaping with the 
steep front with their large porosity. Therefore in starting system 
they had extensive application of a diagram of the blocking 


oscillators of microsecond and nanosecond ranges. 


For starting of the generator of high-speed/high-velocity 
scanning/sweep is usually necessary pulse into several hundred volts 
with front with duration about 10 ns. Such pulses are formed/shaped 
by an increase:in the steepness of the edge of pulse of the master 
oscillator with the aid of the sequence of the diagrams of blocking 
oscillators and amplifier-limiters, in latter/last cascades/stages of 


which are utilized the high-power tubes. 
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For impulse shaping of illumination of ray/beam and starting of 


7 
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modulator of block of calibrator blocking oscillators also frequently 
are utilized. With the consecutive peaking of trigger pulse one of 
the cascades/stages of starting system simultaneously is utilized also 


for the impulse shaping of illumination. 


Possible version of system block diagram of starting of 


high-speed oscillograph is given in Fig. 10.20. 


Necessary adjustment of moment/torque of beginning of 
scanning/sweep can be realized by change in bias voltage on control 
electrode of tube of one of cascades/stages of starting system. 
However, this is not desirable at high scanning speeds, since a change 
in the grid voltage of tube can supply cascade/stage in the mode, 
during which is not provided a sufficient stability of the time of its 
starting. Therefore for the adjustment of the delay time of the 
Starting of scanning/sweep it is desirable to provide either the 
diagram of electronic delay or the special circuit of the continuously 


adjustable delay. 


Question of operational stability of starting system is very 
important. Just as in the case of sweep oscillator, which operates in 
the waiting mode, the operational stability of cascades of starting is 


determined by error os due to a change in the starting time of 


diagram and due to a change in the steepness of the front of trigger 


pulses aa formed/shaped from one cascade/stage to the next. 
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Fig. 10.20. System block diagram of starting of oscillograph: 1 - 
input circuits; 2 - pulse generator of starting; 3 - cascade/stage of 
delay; é- amplifier-peaker; 5 - pulse amplifier; 6 - diagram of 
illumination; 7 - amplifier-limiter; 8 - calibrator. 

Key: (1). Input pulse. (2). To sweep oscillator. (3). External 
synchronization. (4). Illumination. (5). Calibrating markers. 


(6). Output of pulse of synchronization. 
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The main reason for error proves to be a change in the value of supply 
voltage, which ensures bias/displacement on control electrode of 
cascade/stage and in the smaller measure a change in the voltage of 


the source of anodic feed. 


Since in trigger circuits blocking oscillators frequently are 
utilized, then the explanation of stability of time of their 
functioning is of interest. In the very high speed oscillographs for 
obtaining temporary/time resolution on the order of 0.05 ns the 
instability of triggering time of the separate cascade/stage of 
starting system must be less than 0.01 ns. The stability of 


triggering time of a diagram of the type of blocking oscillator in 
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this case, apparently has already been determined not only by the 
Stability of the parameters of trigger pulse and supplies of power of 


diagram, but also by the noise level of diagram. 


As can be seen from system block diagram of starting (Fig. 
10.20), for obtaining parameters of trigger pulse of scanning/sweep 
necessary for high-speed/high-velocity oscillograph it is necessary to 
use a series of cascades, which are found in waiting mode. This leads 
to the significant magnitude of the total delay time of the starting 


of scanning, which reaches 50-200 ns. 


High scanning speed sometimes is not eequleed but necessary is 
the minimum delay time of starting of scanning, which is important for 
oscillographs, intended for recording single process, in circuit of 
Signal of which cable of delay is used; its length (and broad-band 
character) is determined by required delay time of starting of the 
scanning. In these cases the number of cascades/stages must be 
minimal, and the rate of their functioning is great. Therefore the 
application of diagrams on the tubes with the secondary emission is 
expedient. At low scanning speeds the total delay time of starting 


can be reduced to the value of 15-20 ns [196]. 


If sweep oscillator works on thyratron, then trigger circuit is 
more simple. In this case for the starting of the scannings it 
suffices to use a blocking oscillator and cathode follower, which > 


form/shape pulse with the the amplitude 200-300 V for the duration of 
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front of approximately 0.1 us. 
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Schematics of starting systems and generators of 


high-speed/high-velocity and very high speed scannings/sweeps. 


Simplified circuits of units of starting and scanning/sweeping 
some contemporary high-speed oscillographs are given as examples of 


pulse-shaping circuits of starting and sweep oscillators. 


Fig. 10.21 gives trigger circuit of high- speed/high-velocity 
oscillograph [197], constructed on blocking oscillators, sweep _ 


circuit, assembled on tetrode, and diagram of calibrator. 


Here assigning blocking oscillator L, works in mode of external 
synchronization. Pulse from its output enters the amplifier L,, 
cathode load of which is the circuit, which consists of the divider of 
voltage and delay lines. The circuit indicated provides the necessary 
value of the pulse amplitudes, which start the separate 
cascades/stages of diagram and the correct sequence of their work in 


the time. 


After line of pulse delay enters second blocking oscillator L,, 


intended for peaking of formed/shaped pulse. Bias on control 


electrode of tube L,, it is possible to change and with the aid of 


2 aes 


this to smoothly change the moment of the starting of sweep 
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oscillator. The pulse shaped in the cascade/stage L,, has a duration 
50 or 200 ns, which is determined by capacitance value of 
capacitor/condenser, which is located in the grid circuit of tube. 

Then this pulse is amplified and is limited in the cascade/stage on 
the tube L,. On secondary winding of transformer Tp, is formed the 
pulse with an amplitude of 120 V for the duration of front 7 ns. 
Formed thus pulse starts sweep oscillator L,. From the third winding 
of the same transformer the pulse of the illumination of 


straight/direct trace of a scan is removed/taken. 


Sweep oscillator is assembled according to fundamental diagram in 
Fig. 10.15. The use of a tetrode makes it possible to obtain 
scanning/sweep with the maximum speed of 10° cm/s. Sweep length is 
regulated by switching capacitors/condensers in the circuit of anode 


and cathode of tube L,. 


Trigger pulse from amplifier L, enters modulator of calibrator 
L,- For obtaining the calibration markers are two sine wave 
oscillators (L, and L,, L,). Working oscillator frequency 200 and 500 
MHz, which corresponds to the duration of oscillogram time marks 5 and 


2ons. 


As example of trigger circuit and sweep oscillator on thyratron 
let us examine unit of starting and scanning high-speed pulse 


oscillograph [185]. 
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Fig. 10.21. Schematic of high-speed/high-velocity oscillograph. 


Key: (1). kv. (2). ine (3). ws. (4). Illumination. (5). MHz. 
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Fig. 10.22 gives the simplified circuit of the scan unit and 


calibrator of oscillograph. 


Here starting system consists of amplifier of external trigger 
pulses L,,, blocking oscillator L,,, which operates in waiting or 
auto-oscillating modes, and cathode followers L,. Cathode follower 

( L,, serves for the starting of thyratron L,. Cathode follower L,, and 


delay line serve as the channel of synchronizing pulses for the 
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starting from the oscillograph of the external pulse generators, which 
work both on the thyratrons, and on the hard tubes. From the same the 


helmet yes is taken the trigger pulse of thyratron L,. 


Scanning/sweep pulses are formed/shaped in two cascades/stages, 
which work on finger thyratrons of type TGI1-3/1. Cascade/stage on 
the thyratron L, is intended for obtaining the scanning/sweep with 
duration of 15.50 and 100 ns and impulse shaping of the illumination | 
of the straight/direct course of ray of oscilloscope tube. The 
linearly changing sweep voltage is formed/shaped with the aid of 
integrating LCR-networks (§ 10.3), to the input of which is supplied a 
drop in the voltage with the steep front. a drop in the voltage.is 
removed/taken from the peak transformer, which is located in the 
cathode circuit of thyratron. The forming cable, connected to the 
anode circuit of thyratron, is charged through the choke/throttle and 
the effective resistance. It ignites after the admission of trigger 
pulse on the grid of thyratron and cable is discharged through the 


resistor/resistance, equal to the wave impedance of the cable: 


P=R-+R, 
where R, - resistor/resistance of the open thyratron; R' - cathode 
load of the thyratron 
a! RR,, : 
 nin(R ne +R) | 


here My = Wafey, y= w/e - the transformation ratios of pulse wide-band 
transformer relative to output on the integrating circuits and > 


relative to output to cathode resistor/resistance PR, of the circuit of 
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illumination, wi, Wz, W2 - humber of turns in primary and secondary 


windings, R - effective resistance of the integrating circuits. 
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Fig. 10.22. Schematic diagram of an oscillograph with thyratron sweep 


oscillators. 


Key: (1). in. (2). kV. (3). wH. (4). Output. (5). Output. 


(6). MHz. (7). Illumination. 
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Value of drop in output potential of integrating circuit will be 


R’n, 


U=(E--U,) PPR +R,” 


where E - voltage of anodic supply; 


U; - voltage drop across open thyratron. 


Transformation ratios is expedient to take as equal to n,>1 and 
n,<l. The identification of the parameters of the integrating 
circuits is conducted taking into account expression (10.20) in the 
assigned sweep length /,. For this it is necessary to assign the value 
of resistor/resistance of R=R,+R,, where R, and R, - 
resistors/resistances in each arm of scanning/sweep. The value of 
resistor/resistance R for any sweep length remains 
constant/invariable. During the calculation of the integrating 
circuits for the minimum sweep length (10-15 ns) should be increased 
time ¢, by the value of the ionization time of the thyratron, used in 


the diagram. 
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A change in scanning speed is conducted by switching integrating 
circuits. In this case it is simultaneously necessary to change the 
length of the forming cable for changing the duration of the pulse of 
the illumination, which from the second output of peak transformer 
enters control electrode of oscilloscope tube. In gap/interval 

O<t<twn, where 4,,, ~ ionization time of thyratron, scanning/sweep has 


the nonlinear section, which must not be utilized. In this diagram 
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this section of scanning/sweep is not illuminated, since the pulse of 
illumination has rise time of front, the approximately equal to the 


ionization time of thyratron. 


Relatively low maximum sweep frequency is the main disadvantage 
in diagram on thyratron. The application of a choke in charging 
circuit of cable provides the stable operation of diagram (without the 
repeated ignitions of thyratron) to the frequency of 10 kHz. The 
adjustment of sweep frequency during the internal starting is 
conducted by changing the frequency of blocking oscillator. The 
synchronization of blocking oscillator in the mode of frequency 
division is possible during the external starting of oscillograph. As 
a result of this it is possible to investigate the pulses, which 


follow with a frequency of up to 100 kHz, on the oscillograph. 
Page 551. 


For obtaining high-speed scanning, which reaches a rate of 2 
cm/ns, (i.e., 4 ns to diameter of tube face 10L0101M), there is used a 
second thyratron cascade/stage L,, assembled according to the 
schematic diagram given in Fig. 10.17. The pulse synchronization of 
illumination and high-speed scanning is achieved by the adjustment of 


grid bias on both thyratrons. 


Unit of calibrator of oscillograph consists of pulse amplifier 
Ls. and sine wave oscillators with frequency of 200 MHz (on L,,) and 


500 MHz (on tube L,). 
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As is evident, a diagram of the scan unit on the thyratron is 
sufficiently simple, since starting system has only one blocking 
oscillator and cathode follower, and pulse generator of illumination 
and sweep oscillator are combined in one cascade/stage on thyratron. 
the oscillography of pulses by duration on the order of 0.1 ns and 
less thyratron diagram they are not applicable due to the insufficient 
stability of triggering time. In this case the more compound circuits 
of starting system and sweep oscillator, carried out on the electron 
tubes, are used. Fig. 10.23 gives the simplified circuit of the unit 
of starting system and sweep oscillator of very high speed pulse 
oscillograph [187], intended for the investigation of the repetitive 


pulses of high voltage with a duration on the order of 10-?° s. 


Generator of starting is assigning blocking oscillator L,. It 
can work in the mode of auto-oscillations or in the mode of external 
pulse sinchronization of both polarities. With the external 
synchronization is utilized input cascade L,. The operating mode is 
selected depending on the special features of the diagrams being 
investigated and their triggering time. Positive pulses of the master 
oscillator enter the cathode followers L,, from the output of which 
there are taken the trigger pulses of the diagrams being investigated 
and positive pulse, supplied to the input of the cascade/stage of 
electronic delay L,. The cascade of the continuously adjustable delay 
is necessary for the coincidence in the time of the pulse being 


investigated and scanning/sweep. To achieve this with the aid of a 
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change in the bias voltage on the subsequent cascades of starting is 
impossible, since the noticeable instability of triggering time of 


diagram can arise. 
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Fig. 10.23. Schematic of starting system and sweep oscillator of very 


high speed pulse oscillograph. 
Key: (1). v. (2). kv. (3). Illumination. (4). Choke. (5). 


Input of trigger pulses. (6). Output of trigger pulses. 
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The grid biases of tubes of the cascades of starting must be 


thoroughly selected and fixed. 


Subsequent two cascades L, and L, - two blocking oscillators, are 
intended for consecutive increase in steepness of front of trigger 
pulse. On half of tube L, is assembled the buffer stage, which unties 
blocking oscillators. From the output of the second blocking 
oscillator is removed/taken the pulse by the duration of 50 ns with 


2 


modulating electrode of oscilloscope tube for the illumination of ‘ 


the front with the duration of 15 ns. This pulse enters the 
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ray/beam and the input of power amplifier L,. From the plate load of 
power amplifier the pulse of negative polarity with an amplitude of 3 
kV and a duration of the front of 15 ns enters the input of the 


nonlinear forming line or the cable of delay. 


For obtaining high-speed scanning with a duration of 5 ns from 
output of cable of delay linearly changing voltage due to frontal part 
of pulse is removed/taken. In this case for the scanning/sweep is 


isolated the linear part of the pulse edge. 


For obtaining very high speed scanning/sweep with duration of 
0.5-1 ns nonlinear forming line with ferrite, connected according to 
diagram, given in Fig. 10.18, is used. In the line is formed/shaped 
the stationary shock electromagnetic wave with the front with a 
duration of 1-2 ns and with an amplitude of about 2 kV. The steepness 
of front changes in the dependence on the number of utilized cells of 
the forming artificial line. For the scanning part of the shock wave 
front (linear) is utilized, which is provided with the aid of the 
controlled delay of the starting of diagram, the displacement of 
scanning along the axis X and the proper illumination of the beam. As 
a result from the load of the forming line is removed/taken paraphase 
scanning/sweep by the duration of 1-0.5 ns. Delay time of the forming 
lines is equal the delay time of the segment of cable RKZ-400, 


utilized in obtaining of scanning/sweep with a duration of 5 ns. 


Forming line is artificial delay line, which consists of 
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LC-cells, inductance coils of which are wound around ferrite rings of 
type VT-5 with outer diameter of 3 mm. The calculation of this line 


is conducted, as it is indicated into § 4.3. 
Page 554. 


In trigger circuit of oscillograph several cascades work in mode 
of external starting. For guaranteeing the temporary/time stability 
of the starting of diagram it is necessary to select in each 
cascade/stage such value of bias voltage, with which the tube is 

| opened to steepest sectors of the front of trigger pulse. 
Furthermore, supplies of power (especially grid bias) must have the 
high quality of stabilization. In the described ouctiiderach is. 
obtained the temporary/time instability of the beginning of 


scanning/sweep not more than +1.5°10-?? s. 
10.5 Stroboscopic method of oscillography. 


Stroboscopic method of oscillography is based on obtaining of 
image of oscillogram of repeating signal by consecutive 
isolation/liberation of its separate sections with the aid of very 
short-term strobe pulses and transformation circuit. The essence of 
method is explained with the aid of the oscillograms Fig. 10.24 and 
simplest block diagram of oscillograph (Fig. 10.25). The periodic 
sequence of the pulses being investigated enters the input of 


converter. 
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Fig. 10.24. Voltage oscillograms: a) pulse being investigated; b) 


strobe pulse; c) pulse at output of circuit of converter. 
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Simultaneously entering into the converter are auxiliary 
so-called strobe pulses (gate pulses) of very short duration /.. occurs 
inequality ‘.<‘s The repetition period of gate pulses 7. differs 
somewhat from the repetition period of the pulse T being investigated. 
If the first gate pulse is synchronized since the beginning of the 
signal being investigated, then each following gate pulse is 
shifted/sheared in the time relative to signal to the interval of time 
At, called the step/pitch of reading. In this case occurs inequality 


At<<T. 


Generally speaking, repetition frequency of gate pulses F. can 
into whole number of times differ from repetition frequency of signal - 
F. It is necessary only so that the repetition period of gate pulses 


would be more than the duration of signal 1¢,, so that with each of the 
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repeating signals one gate pulse would coincide. 


As a result of effect of signal and gate pulse on converter at 
its output is formed a pulse only at the moment of coinciding of 
signal and gate pulse. The value of output pulse proves to be 
proportional to the instantaneous value of signal at the moment of the 
admission of gate pulse. In the interval of time 1, (Fig. 10.24c), 
equal to n7., will be isolated with n of the pulses, whose amplitude 
corresponds to the value of signal at different points in entire 
interval of its duration %. This process is repeated periodically. 
Pulses at the output of the converter are expanded and then are 


amplified. 





~ 
~O 


DOC = 88076731 PAGE 


z 















enepamop 
pasepmnau 





WA, a 
cunzponu3auue 
CJ 


fenepamor 
empobur - 
nyascod 





Patuupu - 
mem u yeu 
aumere 





peobpa- 
yobamene 








euenan 


Fig. 10.25. Simplified block diagram of stroboscopic oscillograph. 
Key: (1). Synchronizing pulse. (2). Shift circuit. (3). Sweep 
oscillator. (4). Gate generator. (5). Signal. (6). Converter. 


(7). Expander and amplifier. 
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If we synchronize the scanning of the beam of oscilloscope tube 
synchronize with the onset of an initial gate pulse and to ensure the 
illumination of ray/beam only at the apex/vertex of the expanded 
pulses, then the points which form the image of the oscillogram of 


signal will be observed on the screen/shield of oscilloscope tube. 


Thus, in the oscillograph it is necessary, in the first place, to 
synchronize scanning of the beam with that investigated of signals and 
to make its duration of equal to nT; in the second place, to 
synchronize since beginning of scanning/sweep first gate pulse and to 
ensure with the aid of circuit of automatic shift synchronous with 
scanning/sweep change in delay of gate pulse; thirdly, with the aid of 
converter to obtain output pulses, whose amplitude is proportional to 


instantaneous values of signal corresponding to them in time. Then on 
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the oscilloscope face is observed the signal being investigated, 


transformed in the time with the coefficient 


= th aT 1 


m= 1 nt Fat” 

Consequently, signal, reproduced on tube face on points, is 
dilated/extended in time into m of times and in so many once decreases 
rate of change in value of signal, and this means that in so many once 
decreases upper cut-off frequency of active width of spectrum of 


signal. 


Since phenomena of expansion of signal and decrease of cut-off 
frequency of its spectrum are mutually dependent, then for obtaining 
the image, which corresponds to a waveform, in stroboscopic 
oscillograph after converter it is possible to use low-pass filter 
with cutoff frequency of F/2. For the same it is possible to use the 
storage device/equipment, which increases the duration of output 
pulses, since considerable time T= - is passed between the 
moments/torques of the reproduction of the adjacent sections of signal. 
The second method is more preferable, since here there are no 
distortions, connected with the overlap of spectral components of 
serrated signal at the output of converter, which prove to be in the 


filter pass band. 


Usual narrow-band linear amplifiers are used after expander of 


) 


pulses. 
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The latter have a small inherent noise level, which makes it possible 
with the appropriate amplification factor to observe low in the signal 
amplitude. As a result the sensitivity of stroboscopic oscillograph 


proves to be the high with a sufficient effective bandwidth. 


Quality of reproduction of waveform is determined to a 
considerable degree by number of points (sections), from which is 
comprised image. For the reproduction of the larger possible number 
of the harmonic components of the spectrum of the signal being 
investigated necessarily that the oscillogram would be represented by 
the largest possible number of points. For this it is desirable ‘to 
have the high repetition frequency of signal and the low sweep 
frequency of ray/beam, in other words, the step/pitch of reading At it 
must be small. If the repetition frequency of signal is small, for 
example, it is equal to hundreds of hertz, then the sweep frequency of 
ray/beam must be equal to several hertz. Therefore for obtaining the 
possibility of observing the Signals with the small repetition 
frequency oscilloscope tube must have a screen/shield with the long 
afterglow, otherwise the initial part of the image will already prove 


to be indistinguishable. 


10.6. Quality of reproduction and the resolution of stroboscopic 


oscillograph. 
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It follows from an examination of the stroboscopic method of 
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oscillography that for qualitative signal reproduction it is necessary 
to, first of all, convert it without distortions. Therefore the 

schematic of converter must be sufficient wide-band and not introduce 
noticeable nonlinear distortions. Furthermore the gate length and the 
step/pitch of reading must be found in the dependence on the assigned 


range of the durations of the signals being investigated. 


Depending on the required broad-band character of oscillograph 
schematics of converters can be constructed on electron tubes or 
semiconductor diodes. Fig. 10.26a gives the schematic of converter 
and its equivalent diagrams (Fig. 10.26b and c), which correspond to 
the moment/torque of reading and to period after the supply of gate 
pulse [198]. Signal is supplied to control electrode, and the gate 


pulse of negative polarity - to the cathode. 
Page 558. 


In the case of applying the semiconductor diode the signal and gate 


pulse are supplied to its input. 


For the moment of reading according to the equivalent diagram 
(Fig. 10.26b) we have 
u(y- - fiat, 
(O=S(h) “Ue (1) — es , 
a. _ RR 
Abe R.+R” 


‘ 


whence we obtain differential equation of converter ‘) 
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Key: (1). with. 


Converter is nonlinear diagram; however, frequently mode of its 
operation proves to be by such that it is possible to count conversion 


diagram of linear, so forth S(t)=S=const. 
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Fig. 10.26. Schematic diagram of converter (a); its equivalent 
diagram corresponding to moment of reading (b) and to moment after 
reading (c). 


Key: (1). Input of signal. (2). Output. (3). Input of strobing. 
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Actually, if the signal being investigated is small, and gate pulse is 
selected such value, that at the moment of reading the tube works in 
the linear conditions, then in general form expression for output 
potential of converter for the time of action of gate pulse will be 

Http 

wt)=~ | Moat, (10.25) 

4-t.2 

here moment/torque t, corresponds to the center section of the gate 


pulse. 


For evaluation/estimate of quality of reproduction on 
stroboscopic oscillograph of periodic signal of arbitrary form it is 
necessary to establish/install, with what accuracy function u(t,) will. ) 


correspond to signal being investigated, assigned by function «c=f(é). 
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If we do not consider the effect of the transformation of time and to 
consider that the circuit of signal after converter does not introduce 
distortions into the shape of pulse, then the image of signal is 
determined by the shape of the envelope of pulses at the output of 
converter. Expanding in expression (10.25) integrand f(t) into the 
Taylor series and producing conversions, it is possible to obtain 
[199] 

at ~ 5 [1o+(S) Sp], 


where (t,—t,/2)<t/<(t,+e/2). 


Absolute error in reproduction of any point (section) of function 
f(t) can be approximately determined in value of this second addend 


expression, i.e. 


Page 560. 


For evaluation/estimate of distortion of shape of pulse being 
investigated it is more expedient to use ratio of absolute error to 
amplitude of output pulse (or to peak-to-peak), i.e., by expression 


vA ae to f(f waxed (19 26) 
= a) ed See 
FF (tanec) — [tana ( a 


where tyaxe ~ moment of time, which corresponds to maximum voltage of 


pulse; 


9a 
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tuum 7- Moment of time, which corresponds to minimum voltage of 
pulse; 
Uvake “moment of time, which corresponds to maximum value second 


derivative shape of pulse. 


Using’ formula (10.26), it is possible with assigned shape of 
pulse f(t) being investigated to find necessary gate length, in which 
distortions of reproduction of shape of pulse correspond to assigned 
error p. Thus, if the video pulse being investigated has bell-shaped 
form /f(t)=Ae-“", then it is easy to show that eter Then, 
after assigning the accuracy of reproduction of pulse in 10% i.e. 


y=0.1 we find 





Besides selection of gate length it is necessary for qualitative 
signal reproduction to have sufficient number of points, from which is 
composed image, i.e. to select step/pitch of reading. Obviously, 
representation about the signal there will be the more complete, the 
greater the points we on it count. In connection with this it is 
necessary to check, is it possible to decrease the step/pitch of 
reading to any value convenient to us. It is shown [199] that the ‘) 


decrease of the step/pitch of reading in comparison with the gate 
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length is limited to following inequality: 
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(10.27) 
where (/,—¢/2)<2<(f,4-Of+fe 2). 
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Determination of minimum step/pitch of reading according to this 
formula is impossible, since usually is not previously known form of 
signal being investigated. But for the series/row of radio signa’s it 
is possible to previously establish/install some limiting values of 
derivatives and to use formula (10.27). The obtained oscillogram 
shows, what class includes the signal being investigated. Virtually 
it proves to be completely sufficient, if the number of points of 


reading will be about hundred or even it is equal to several ten. 


As has already been indicated above, quality of work of 
stroboscopic oscillograph is determined to a considerable degree by 
operational stability of its fundamental nodes. Is required the 
sufficiently rigid synchronization of the onset of the first gate 
pulse since the beginning of scanning/sweep of electron beam and the 
beginning of the signal being investigated. Furthermore, is necessary 
the stable shift/shear of gate pulse (synchronization of the 


step/pitch of reading). 


The signal itself being investigated sometimes is the fundamental 


synchronizing pulse. In this case the signal is supplied to the 
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converter through the cable of delay. The delay time of cable is 
determined by triggering time of the cascades/stages of the formation 
of gate pulse. However, the application of a cable in the circuit of 
signal leads to signal distortion, i.e., worsens/impairs time 
resolution. Furthermore, the presence of the drive circuits in the 
channel of the formation of gate pulse, which include several 
cascades/stages, is connected with the limitation of the rigidity of 
synchronization due to the instability of triggering time of the 
waiting electronic circuits, whose reason has already been examined 
during the analysis of the methods of obtaining the high-speed 


scannings (§ 10.3). 


Time resolution of stroboscopic oscillograph affects also finite 
time of establishment of transient processes in converter. Examining 
the case of effect on the signal-data converter in the form of a drop 
in voltage of low value U.and gate pulse of triangular form by 
duration on foundation t. (Fig. 10.27), we will consider that the 
diagram works in the linear conditions, i.e., S(t)=S=const. 
Furthermore, is not considered the effect of the form of gate pulse 


and in the changed its duration with a change signal amplitude. 
Page 562. 
Then, as it was shown above, for output potential of converter we have 


tt, 2 


u(t) ij U_de. 


t-1,/2 
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If a drop in voltage enters the input of converter at moment t, 


so that 
te te 
(4—- F)<6s(t+9). 
htt,/2 
s —U-Sts fl pu—t 
al (t,) = Cc j Uodt = Uerte (> +"7-*). 
te 
For case 
t,< (4-4) 
we have 
itl g/2 
u(t)= + U,dt = vests (10.28) 
t-1,/2 


Thus, in the case of linear conditions of work of converter time 


of establishment of transient response of diagram cannot be more than 


gate length. 
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Fig. 10.27. Oscillograms: a) drop in voltage at input of converter; 


b) strobe pulse u'; c) drop in output potential of converter. 
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Since in the general case the converter is nonlinear system, then for 
the evaluation/estimate of the time of the establishment of diagram 
with the large signals already it is not possible to use the transient 
response of diagram and the method of imposition. However, it is 
possible to consider for the low signals in a number of cases that the 
diagram works in the linear conditions, and then the 
evaluation/estimate of the frequency properties of diagram [198] is of 


interest. 


Let us assume that being fed to the input of diagram is a 
harmonic signal of small amplitude. Let us find the ratio of the value 
of output potential of converter at a certain frequency w to the value 
of output voltage at the low frequency. If to the input linear 
(S*const) converter there is fed a sine voltage w.=U;.sinwt, then output ) 


potential for the time of action of the gate pulse 
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u(t,) = vs oe sin wld! = aes sin ore. sinwf,; (10.29) 

h-ff2 
here moment/torque t, corresponds to the center section of the gate 
pulse, whose form it is expedient to assume triangular. The 
divergence of electron beam of oscilloscope tube there will be to the 
proportionally obtained value of output voltage. Since the beam 
deflection at the low frequency Y(0) according to (10.29) proves to be 
proportional to value SU.t./C, the ratio of the deflection of the beam 


of tube Y(w) at the frequency w to divergence of Y¥(0) will be 





Y(o) —sin wt, /2 (10.30) 
Y (0) 


ot. {2 * 


Hence it is apparent that if we take as the cut-off frequency of 
passband the frequency, which corresponds to the level at 3 dB, then 
for the case of linear conditions of the work of converter according 


to (10.30) we obtain 


Sin @pple/2 
@rple/2 sa 0,707 


or 


fry ==0,45/te. 


Page 564. 


(Although, strictly speaking, this system nonlinear) they 
sometimes characterize broad-band character of converter by value 


calling its effective passband [198]. ° 
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It is necessary to note that it is assumed in all given 
computations that linear input circuits of converter are sufficiently 
wide-band and do not introduce distortions into signal during its 
transmission being investigated. Knowing the time of the 
establishment of transient processes in converter f,,, the time of the 
establishment of input circuits (including the cable of the delay, 
when it is) 4, it is possible to estimate the resulting time of the 


establishment 


_—— 


t=YVYR+e. 


Temporary/time resolution of stroboscopic oscillograph will be 
determined by value ‘y, and also by absolute value of instability of 
triggering time of channel of formation of gate pulse. Thus, just as 
in the case of high-speed oscillographs, an increase in the time 
resolution of stroboscopic oscillograph is connected not only with the 
decrease of the time of establishment in the circuits, but also with 
an increase in the stability of functioning diagrams on the electron 


tubes or the semiconductor devices. 
10.7. Designs of converters. 


Converter and gate generator are the fundamental nodes of 


stroboscopic oscillograph. 
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As converter can be used cascades/stages on electron tubes and 
semiconductor diodes, structurally fulfilled in the form of extension 


caps. 


Diagrams on electron tubes are distinguished depending on method 
of supplying strobe pulse - on anode, cathode or third grid of tube. 
The widest use found the diagram, in which the gate pulse of negative 
polarity is supplied to the cathode of tube (Fig. 10.26). In this 
circuit the diagrams of gate pulse and output circuit of sonverter are 
divided. Diagram has a low-resistance pe; coordinated with coaxial 
cable, on which is supplied the signal being investigated. Gate pulse 


also on coaxial cable enters the low-resistance cathode load. 
Page 565. 


In initial state tube is closed. Bias voltage and amplitude of 
gate pulse are selected by such that with the maximum value of the 
voltage of gate pulse the working section of the characteristic of 
tube would be approximately linear. The amplitude of the signal being 
investigated must not be great. The signal and gate pulse 
simultaneously operate at the moment of reading on the tube, and at 
the output of diagram are formed the pulses, modulated in the 
amplitude by the signal being investigated. In the anode circuit of 
tube is a parasitic or specially introduced capacitance of C, which 
forms with resistor/resistance R the integrating circuit, as a result 
of acting which increases the duration of output pulse. Thus occurs 


preliminary pulse widening, which then enter the cascade/stage of 
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expansion and the amplifier. 


Application in such schematics of radio-frequency pentodes and 
special wide-band tubes makes it possible to obtain converters, which 
have time of establishment 1-3 ns. Obtaining diagrams with the higher 
time resolution is possible only with the aid of the inverter stage, 
carried out in the form of coaxial construction/design on the 
semiconductor diode. In fig. 10.28 is given the schematic of 
converter on the semiconductor diode and the characteristic of diode. 
Gate pulse must have a sufficient amplitude in order to derive signal 
on the middle of the working section of the volt-ampere characteristic 


of diode. 
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Fig. 10.28. Schematic of converter on diode (a); characteristic of 
diode and oscillogram of pulses (b). 


Key: (1). Gate pulse. (2). To amplifier. (3). Signal. 
Page 566. 


Thus, at the moment of reading a change of the voltage on the 
capacity/capacitance is proportional to the algebraic sum of the 
voltage of signal at the moment of strobing/gating and amplitude of 
gate pulse. After the termination of gate pulse the 
restoration/reduction of initial voltage on capacity/capacitance of C 
occurs with the time constant, determined by capacity/capacitance C 
and by high resistor/resistance of the closed diode, i.e., is realized 


preliminary pulse widening at the output of converter. 


However, diodes have finite time of transition from the open 
state to the closed. Therefore capacitance C loses the part of its 
charge, being discharged by inverse current of the slowly locking 
diode. Moreover, inverse current of diode is proportional to the 
value of release voltage (in the transient mode), and, thus, this 


current is determined by a change in the signal after the termination q 
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of gate pulse, which leads to the distortion of the process of 
conversion. so the high speed diode 1N263 utilized in the foreign 
stroboscopic oscillographs has a reverse recovery time of 
approximately 2 ns. True, under the influence of very short-term gate 
pulse (f.= 0,2+03 ns) the base of diode does not manage to be filled up 
with minority carriers and the reverse recovery time, apparently, 


proves to be considerably less than 2 ns. 


For eliminating deficiency in converter indicated sometimes is 
used diffusion diode with breakdown section of reverse/inverse branch 
of volt-ampere characteristic (Fig. 10.29) [201]. The switch time 
(decay in inverse current) of this diode is rated/estimated by the 


expression 


where 1,=(1—2)-10-'' s - time of the retention/maintaining current in 
the region of the multiplication of carriers; 
U, - voltage of the breakdown of diode; 


Uem ~ bias voltage. 
Page 567. 


Value 4, can be less than 0.1 ns. Is desirable bias voltage U,, to 

take considerably less than the voltage U,, and the amplitude of gate 
pulse - sufficient for the work in the linear section of 

characteristic in the region of the electrical reversible breakdown. ) 


The amplitude of the signal being investigated must be less than the 
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amplitude of gate pulse, so as to signal could not itself discover 


diode or derive it from the mode, which corresponds to linear section. 


After termination of gate pulse capacity/capacitance slowly is 
discharged through diode and resistor/resistance R and output pulse 


proves to be expanded to duration into several microseconds. 


During more detailed analysis of work of converter it is 
necessary besides switch time of diode to consider noniineac 
distortions. The nonlinear distortions, introduced by converter 
(especially with the work on the straight/direct branch of the 
characteristic of diode) can be considerable. The appearing 
distortions are connected with the fact that the capacitance of 
converter C for the length of gate (if ‘<I ns) it does not manage to 
be loaded to the peak value, which leads to a change in the time of 
the charge of capacity/capacitance with a change in the voltage of 
signal. Counting the form of the gate pulse of triangular and its 
active duration of equal to fca, duration on the level, which 
corresponds to the triggering/opening of diode (to corresponding 
beginning of the linear section of characteristic), and the steepness 
of its front equal k, it is possible to calculate amplitude conversion 


diagram [201]. 
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Fig. 10.29. Schematic of converter (a); characteristic of diode and 
oscillogram of pulses (b). 


Key: (1). Gate pulse. (2). Output. (3). Signal. 
Page 568. 
This characteristic can be described by the expression 


ates 
Uoux =k [‘ea/2-- 8in(2—e = |. 


4 


where the time constant of the circuit of the charge of 
capacity/capacitance r=(Rat+ Ra)°C; Ru- the resistur/resistance of 
diode; R., - the line impedance of transmission at the entrance point 


to the converter. 


Converter with semiconductor diode will have linear amplitude 
characteristic when +t€t.. to carry out this inequality in practice is 
difficult. The use of a diffusion diode in the operating mode proves 
to be most favorable on the reverse/inverse branch of volt-ampere 
characteristic. This diode has a small transfer capacitance (about 


0.3 pF) and therefore resulting capacity/capacitance of C', formed by 
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the series connection of passage C, and fundamental C of 
capacities/capacitances, it decreases to 10 pF. There cannot be 
considerably decreased the fundamental capacitance, since capacitive 
voltage-divider is formed, as a result of which the signal is 


transmitted to the output and in the absence of gate pulse. 
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Fig. 10.30. Device of converter (a) and its equivalent diagram (b). 
Key: (1). Input of signal. (2). Output. (3). Input of gate 
pulse. (4). Diode. 
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Structurally the converter is fulfilled in the form of coaxial 
system, matched at the input and output. Fig. 10.30 gives 
diagrammatic representation of converter with point type special 
semiconductor diode from gallium arsenide [200]. Diode is instalied 
between the internal and external conductors of the coaxial line, 
which has the wave impedance of 50 ohms. The decrease of the inside 
diameter of line in the point of connection of diode serves for its 


best agreement with the line. 


In this converter, which works are somewhat unique, small 


capacitance of C,, which is formed between housing of the diode and 


external conductor, simplest low-frequency filter is created together ) 


with resistor/resistance at output of converter. The application of a 
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filter of RC-type and mode of direct detection on the 
capacity/capacitance of converter makes it possible to considerably 


raise the time resolution of oscillograph. 


For realization this reading of signal it is obtained due to 
difference in repetition periods of signal and gate pulse AT, which is 
very stable. This is reached by applying two generators with the 
quartz-crystal control, which synchronize the work of gate generator 
and generator of the signal being investigated. The time constant of 
the RC network of converter is selected in such a way as to remove 
high- frequency pulsations, but not to distort the pulse edge. This 
is fulfilled, since value AT is more than to two orders of less than 
the resolution of oscillograph. Fig. 10.31 shows the oscillogram of 
voltage u, on the capacity/capacitance of converter and voltage of 


gate pulse u,. 
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Fig. 10.31. Oscillograms of voltage u, on capacity/capacitance and 


of gate pulse u,. 
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As can be seen from figure, the operating time of converter t' is much 
less than the length of gate t. since capacity/capacitance of C, only 
insignificantly is discharged from one pulse to the next. Because of 
this mode of the work of converter the time resolution reaches the 


value of 0.06 ns [200]. 


However, this method of oscillography has essential deficiency, 
which consists in the fact that to investigate it is possible signal 
only with completely specific strictly fixed/recorded frequency, which 
must be sufficiently high moreover, (not less than 10 MHz). In the 
case of another repetition frequency of signal the new clock frequency 
of gate generator is necessary, i.e., the new pair of generators with 


the quartz-crystal control is necessary. 


Stroboscopic oscillograph can be used and, also, for observing 
pulse envelope and their high-frequency filling. The carrier 
frequency of the radio pulses of nanosecond duration reaches tens of 


gigahertz and therefore converter is fulfilled in the form of 
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waveguide section. Fig. 10.32 gives the drawing of this converter 
[202]. Converter consists of the germanium diode, installed into the 
waveguide so that it is arranged/located perpendicularly to the 
direction of propagation of waves in the waveguide. Diode is 
connected with the umbilical connectors, fastened/strengthened to the 
walls of waveguide. Gate pulse is. fed/conducted along the cable to 
the cathode of diode. The anode of diode is connected with the cable, 
on which the pulse from the output of converter proceeds to the 


amplifier of usual oscillograph. 
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Fig. 10.32. Device/equipment of converter in the form of waveguide 
with semiconductor diode. 


Key: (1). Input of signal. (2). Collar. (3). Output. (4). 


Cable connector. (5). Diode. (6). Waveguide. (7). Input of gate 


pulse. (8). Coupling. 
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Pulse signal is introduced through collar of waveguide and is 
propagated along latter. The load of waveguide is placed at another 
end/lead and serves for absorbing the signal, which passed through the 
section with the diode toward the end of the waveguide section. 
Signal does not enter cable, but gate pulse ~- into the waveguide, 
since the critical value of the frequency of waveguide and cable does 
not make it possible for signal to be propagated in the cable, but to 
pulse - in the waveguide. The time constant of output circuit of 
converter of approximately 1 us is determined by the parameters 
parallel-connected capacity/capacitance of output cable, back 
resistance of diode and by input resistance of amplifier, which is 


located on the output of converter. Time constant is great in ) 
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comparison with the repetition period of pulses and is low in 
comparison with the period of scanning/sweep of oscillograph. 
Therefore possible to utilize this circuit for the accumulation of 


information from one section of the reading of oscillogram to another. 
10.8. Generators of strobe pulses. 


As noted above, quality of reproduction time resolution of 
stroboscopic oscillograph together with broad-band character of 
circuits of converter is determined, mainly, by gate length. 

Therefore depending on requirements for the resolution it is necessary 
to select the appropriate oscillator circuit of gate pulse. If 
instrument is designed for the band to several hundred megahertz, then 
there can be used the vacuum-tube circuits of gate generators, which 
make it possible to obtain pulses by the duration of the order of 
nanosecond and somewhat less. The amplitude of gate pulse usually 


comprises the units of volts or the tenths of volt. 


Therefore as gate generator it is possible to utilize diagrams of 
formation of nanosecond pulses on tubes of secondary emission and 
blocking oscillators with consecutive peaking. The diagrams, which 
contain limiters and differentiating circuits on the coaxial lines, 
are frequently the output stages of the diagram of the formation of 


gate pulses. 


vipat 


we DU mie 





stb 


DOC = 88076732 PAGE a 
Page 572. 


With operation of the oscillograph at high repetition frequencies 
in number of cases master oscillators with quartz-crystal control and 
diagrams of frequency multiplication are used. The formation of gate 
pulses then is realized with the aid of the sufficiently simple 


vacuum-tube circuits or the diagrams on the semiconductor diodes. 


Sufficiently simple diagrams of formation of gate pulses can be 
obtained in the case of using sinusoidal oscillation as starting 
voltage. Fig. 10.33 gives the diagram of the formation of gate pulse 
from the sinusoidal oscillation with the aid of two cascades/stages 
[202]. Sine voltage is supplied to the forming cascade/stage (Lj) 
with the grounded grid, which works on lighthouse type triode, which 
has small anodic and cathode capacities/capacitances. After 
limitation the voltage enters the differentiating circuit, in which is 
utilized that short-circuited at the end/lead of severings of cable. 
The obtained pulse further enters the cathode of miniature type 
triode, on which is assembled the amplifier- limiter. After peaking 
the gate pulse with duration about 0.5 ns enters on coaxial cable the 
converter. The input and output of the last cascade have a 


resistor/resistance of 50 ohms. 


If stroboscopic oscillograph is designed for effective passband 
of more than 1 GHz, then the gate length must be considerably less 


than 1 ns. Such pulses usually are formed/shaped into two stages. ) 
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Fig. 10.33. Diagram of formation of gate pulse from sinusoidal 
oscillation. 


Key: (1). To the converter. 
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During the first stage the blocking oscillators or amplifier-limiters 
are shaping circuits, while in the second stage the diagrams of pulse 
shortening in the form of distributed type differentiating circuits 
are utilized or the high speed semiconductor diodes, assembled in the 
coaxial systems, are utilized. During the first stage are 
formed/shaped the pulses of considerable amplitude with the steep 
front (to 10?'!-10'? V/s). Frequently at the output of the diagram of 
the first stage of formation are utilized pencil type miniature tubes, 


which are assembled in the coaxial holder. 


Fig. 10.34 gives diagram of second stage of formation of gate 
pulse [203]. The output tube of the diagram of the first stage of the 
formation of gate pulse and the coaxial shortening circuit is shown 
here. Output tube is pencil type triode 5675 (analogous in the 
construction/design to Soviet tube 6S13D). In the anode of this tube 
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is used right-angled junction with the arms, which have the delay time 
of pulse, equal to t,. For the pulse which is propagated from the 
anode of tube into the line, this system is the short-circuited 
section/segment, as a result of which first pulse shortening occurs. 
After attenuator the pulse undergoes secondary shortening due to the 
presence of short-circuited stub with the delay time t,. After 


passing the second attenuator gate pulse it enters the converter. 
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Fig. 10.34. Schematic diagram of output stages of gate generator. 


Key: (1). v. (2). GB. (3). To converter. 
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Fig.. 10.35 gives someviat different design of the device for 
diagram of formation of second stage [205]. Here in contrast to the 
preceding/previous NOT circuit second short-circuited line and 
attenuator, and is added the diode, which cuts the foundation of gate 
pulse. In the single coaxial system the diagram of the second stage 
of the formation of gate pulse and converter on the semiconductor 
diode is assembled. To the left to the input of coaxial line from the 
cascades/stages of the diagram of the first stage of the formation of 
gate pulse enter pulses with the duration of the order of several 


nanoseconds. 
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Fig. 10.35. Device/equipment of coaxial system with output stage of 
gate generator and converter (a); equivalent diagram (b). 

Key: (1). From cascades of preliminary formation. (2). Diode of 
gate generator. (3). Input of signal. (4). Attenuator. (5). 
Diode of converter. (6). Output. (7). From cascades of formation. 


(8). Output to amplifier. 
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Further pulse is differentiated by the circuit, which consists of the 
section of the line, locked the capacity/capacitance, and enters the 
peaking diode-limiter. The obtained pulse with a duration of less 

than a nanosecond through the attenuator enters the diode converter. ) 


Simultaneously to the converter along the coaxial line comes the pulse 
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being investigated. From the output of coaxial system the converted 


and preliminarily expanded pulses fall on amplifier. 


Fig. 10.36 shows device/equipment of second stage of formation of 
gate pulse on high speed semiconductor diode [204]. The diode, to 
cathode of which is biased in the forward direction, it is assembled 
between the internal and external conductors of coaxial line. During 
the supplying to the input of the system of pulse from the 
cascades/stages of preliminary formation the diode, which shunts line, 
passes for the very small time interval into the nonconducting state, 
as a result of which the drop in voltage, which is propagated along 
the line, is formed. This drop in the voltage then is differentiated 
with the aid of the short-circuited coaxial loop of the ertespondite 
length. As a result at the output of coaxial line is obtained the 


pulse by the duration of 0.2 ns with the the amplitude 0.5 Vv. 


Section of coaxial line with diode and by short-circuited stub is 
isolated from diagram of shaping of first stage, on one hand, and from 
termination, on the other hand, by two attenuators. Thus is reached 


the decoupling of line by cascades/stages at its input and output. 
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Fig. 10.36. Schematic diagram of design of gate generator. 
Key: (1). Generator. (2). Attenuator. (3). Output of gate pulse. 
(4). Diode. (5). Loop.. 
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As is noted, the converter and gate generator are fundamental 
wide- band nodes of stroboscopic oscillograph. The remaining 
cascades/stages of the schematic of oscillograph are assembled 
according to the usual diagrams, widely utilized in the pulse 
technique. As an example let us examine block diagram and 
designation/purpose of the fundamental nodes of the series sample of 
the stroboscopic oscillograph, which has effective passband 900 MHz 


and sensitivity 3 mv/cm [206]. 


Fig. 10.37 gives block diagram of Seevivegrapns In the diagram 
for guaranteeing the synchronization of the ctarting of units is 
provided besides the input of the pulse being investigated also the 
input of trigger pulse. Converter 3 enters the pulse from the input 
being investigated and the strobe pulse from the generator of strobe 
pulses 2. From the output of pulse converter through amplifier 4 


enters the expander of pulse 5 and then the vertical deflectors of 


) 
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oscilloscope tube 7. 


So that moment of reading of signal would change, being displaced 
along time axis to value of step/pitch of reading, the generator of 
Strobe pulses must put out pulses at strictly defined moments of time. 
For this there is a unit of the generator of rapid linearly increasing 
voltage 1 and a unit 6, in which is formed/shaped the step voltage and 


the sweep voltage of oscilloscope tube. 


After starting of oscillator circuit of step voltage 6 develops 
voltage, whose amplitude grows/rises by steps/stages, whose value can 
be regulated. Negative voltage from the output of this generator 
enters the input cascade of the generator of strobe pulses. - 
Simultaneously the linearly increasing voltage from generator 1 comes 


the same cascade/stage. 
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Fig. 10.37. Block diagram of stroboscopic oscillograph. 


Key: (1). Input of pulse of synchronization. (2). Input of signal. 
Page 577. 


When the values of these voltages become equal, generator 2 puts out 
strobe pulse and in the converter it occurs the reading of the fixed 
point of signal. With an increase of negative step voltage the delay 
time of the delivery of strobe pulse increases and, thus, is realized 
bias/displacement along the time axis of the moment of the reading of 


signal. 


Moment/torque of formation of step voltage in turn by timed 
pulses, which come from expander of pulses 5. Consequently, the 
moment of the subsequent reading is synchronized with the moment of 
the preceding/previous reading. The greater interval of reading (i.e. 
the points of reading for the scanning time the less), the greater the 
amplitude of steps/stages, installed with the aid of the appropriate 


switch in the unit of the generator of step voltage. 


Unit of generator of rapidly linearly increasing voltage contains 


cascade/stage of switching polarity and amplification of trigger 


) 
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pulses, the cascade of starting and generator, assembled according to 
the diagram similar to sweep circuits (Fig. 10.12). The starting of 

generator and its work must be characterized by high stability. The 

stability of the temporary situation of the linearly increasing 


voltage must be not worse than 10°?° s. 


Unit of generator of strobe pulses includes cascade/stage of 
comparison, input of which enters negative step voltage and linearly 
increasing voltage. At the moment of the equality of these 
voltages/stresses from the output of cascade/stage enters the pulse to 
the generator of strobe pulses, which generates pulse with the 
amplitude into several volts and a duration of 0.5 ns at the level of 


half of amplitude value. 


Converter is fulfilled in the form of coaxial system, into which 
is installed semiconductor diode of converter. In the same system the 
latter/last cascade/stage of the generator of strobe pulses, which 
works on the semiconductor diode is assembled (diagram of peaking). A 
preliminary increase in the pulse duration occurs at the output of 
converter. Then pulse enters amplifier 4. Amplifier has an 
amplification factor, equal to 3000. for the sufficiently precise 


measurements the stability of amplification is necessary to 0.5-1%. 
Page 578. 


After pulse amplifier enters expander. The expander of pulses 


works on the principle of charge of capacitor by the current of tube 
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during the action of pulse. .The capacitor/condenser is discharged 
through the time interval with a duration of 1 ms with the aid of the 
special discharge lamp. Thus, from the output of expander is 
removed/taken pulse by the duration of the order of millisecond. “fhe 
discharge lamp of the diagram of expander is controlled by the pulse, 
which comes from the generator of strobe pulses. Pulse from the 
output of expander is supplied to backplates of oscilloscope tube and 


simultaneously on the unit of the generator of step voltage. 


Unit of generator of step voltage consists of diagram of 
formation of step voltage with storage capacity/capacitance, 
pulse-shaping circuit of illumination of straight/direct course of ray 
of oscilloscope tube and switch of capacities/capacitances, with the 
aid of which changes amplitude of steps of step voltage. for scanning 
the beam of oscilloscope tube the step voltage, supplied to the 
deflector plates of the tube through the appropriate regulator and the 


phase inverter in the form of vapor phase voltage, is utilized. 


Resulting time resolution of this oscillograph is determined by 
effective passband of system, which depends to a considerable degree 
on gate length, passband of cable of delay 8, located on input circuit 
of signal, and operational stability of basic sets of instruments. In 


the described oscillograph the resolution is not worse than 0.5 ns. 


Considerable attention to developments of stroboscopic 


oscillographs of nanosecond range is paid recently. The large number J 
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of investigations, in particular in the region of semiconductors 

(especially tunnel diodes), is connected with the measurement of the 

very short-term voltages/stresses of low value [201]. The 

construction of the stroboscopic oscillographs, which make it possible 

to record the very low-power radio pulses of nanosecond duration, even 
a“ more greatly will expand the field of application of a stroboscopic 


oscillography. 
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Chapter Eleven. 
MEASUREMENTS OF PARAMETERS OF PULSES. 


Use of pulses of nanosecond duration causes need of measuring 
parameters of these pulses, i.e. their amplitude, duration, 


repetition frequency or porosity. 


Development of high-speed/high-velocity and stroboscopic 
oscillography makes it possible increasingly to raise accuracy of the 
determination of form of nanosecond pulses and measurement of their 
parameters. However, there is a range of values of the parameters of 
the pulses, whose measurement with the aid of the oscillographs it is 
hindered/hampered or it is impossible. In particular, the 
difficulties of the measurement of the parameters of the nanosecond 
pulses of a small amplitude are caused, especially if they are not 
periodically repeating. Furthermore, there is considerable practical 
interest in the possibility of measuring the parameters of such pulses 
with the aid of the directly indicating instruments (voltmeters, the 
meters of small time intervals, etc.), which make it possible to take 
a direct reading of value, also, with the larger accuracy than this 


can be carried out with the oscillograph. 


11.1. SPECIFIC CHARACTER OF THE MEASUREMENT OF NANOSECOND PULSES. ‘) 
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Measuring meters, intended for work in nanosecond range of pulse 
durations, must have nodes, which are characterized by considerable 


broad-band character. 
Page 580. 


Therefore, the greatest difficulties are caused by measurements of 
pulses of a small amplitude, when for guaranteeing the high instrument 
sensitivity appears the need of amplifying the measured pulses, what 
by itself is insufficient the nanosecond pulse technique solved by 
problem. In connection with this new methods must be developed or the 


old methods of pulse radio meterings are improved. 


In the measurement of parameters of pulses of nanosecond duration 
methods, based on preliminary increase in duration of pulses [found 
use 207, 208, 209]. In this case input circuits of the instrument and 
diagram of the expander of pulses must satisfy specific requirements. 
Other units do not differ from those used in different radio gage 
devices/equipment. In such instruments are realized also the methods 
of measurement with the aid of compensative and autocompensational 
voltmeters [40, 210], which make it possible to measure the pulses 


with a minimum duration of 10-100 ns. 


Wide-band diagrams with high-frequency diodes in fundamental 
measuring units are very frequently used. However, the use, for 
example, of peak diode voltmeters makes it possible to measure the 


pulses with the amplitude, that exceeds 5-10 Vv. In this case in 
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entire scale range of voltmeter there is no dependence of its 
readings/indications on duration and shape of pulses, since the 
characteristic of diode can be considered linear. But if the pulse 
amplitudes decrease to values less than 5-10 V, then the need for the 
account of the special features of the real volt-ampere characteristic 
of diode appears. With the low values of anode current the 
characteristic of diode differs significantly from linear function. 
This leads to the need for the account of both the form and the 
duration (or porosity) of pilees: which complicates work with the 
instrument and noticeably reduces the accuracy of measurements. Use 
in the schematics of such voltmeters of wideband amplifiers does not 
make it possible to measure pulses with the duration of less than 3-5 
ns due to the insufficiency of the broad-band character of amplifiers 


with the considerable amplification factor. 
Page 581. 


For eliminating deficiencies in voltmeters, connected with 
Special features of nonlinear characteristic of diodes, are proposed 
methods of measuring nanosecond pulses with small amplitude, when 
properties of nonlinear elements with different volt-ampere 
characteristics are utilized. In this case the dependence of the 
results of measurements from the pulse duration is eliminated, and, 
furthermore, there is the possibility to measure the pulse duration 
together with the measurement of its amplitude, moreover to measure it 
is possible both periodically repeating and single pulses [211, 212]. 


For measuring only the repetitive pulses of nanosecond duration are 
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developed other methods [213, 214]. 


Appear specific special features, also, in measurement of 
parameters of nanosecond pulses of high voltage. The need of applying 
the voltage dividers in many instances encountered here limits the 
minimum duration of the measured pulses due to the insufficient 
broad-band character of dividers. Therefore for pulse measurements in 
the nanosecond range the development of the corresponding attenuators 


acquires essential vital importance. 


Lines of transmission of pulses are utilized in all cases of 
measuring parameters of nanosecond pulses in measuring circuit. The 
methods of characteristic measurement of entire transmitting circuit 
of measuring unit and therefore are of considerable interest. The 
attention to the development of the devices/equipment, which make it 
possible to measure the pulse responses of the transmission lines, to 
rate/estimate character and value of heterogeneities in them and to 


find other parameters of measuring systems is paid recently. 


11.2. METHODS OF MEASURING THE PARAMETERS OF PULSES BASED ON AN 
INCREASE IN THEIR DURATION. 


Difficulties which appear in the measurement of duration and 
amplitude of nanosecond pulses are to a certain extent removed if 
preliminary increase in their duration is realized. Actually, in this 


case those preceding the unit of the expander of pulses must satisfy 
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the requirement of considerable broad-band character only input 


circuits of measuring device. 
Page 582. 


The expander of pulses must ensure the completely specific and stable 
increase in the duration of the measured pulses, and the subsequent 
cascades/stages of measuring device are the usual diagrams, widely 


utilized in the radio gage technology. 


Fig. 11.1la gives block diagram of device/equipment for measuring 
duration of pulses [207]. Here the pulse of the nanosecond duration 
through the sufficiently Drosdly-cuned circuits enters the expander of 
pulses 1, which realizes linear magnification in the pulse duration. 
Pulse from the output of expander enters the controlled generator of 
harmonic oscillations 2; the number of oscillations, obtained from the 
generator, for the pulse action time, is counted off by electronic 
counter 3 and is recorded by appropriate indicator 4. Fig. 11.1b 
gives the diagram of the simplest expander of pulses. In the absence 
of pulses voltage across capacitor C is close to zero, since the 
resistor/resistance of diode D, in the conducting state is small in 


comparison with resistor/resistance R,. 
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Fig. 11.1. Block diagram of device/equipment for measuring duration 
of pulses (a), diagram of expander of pulses (b), measured pulse (c), 
pulse at output of expander (d), pulse at output of amplifier (e). 


Key: (1). Amplifier. (2). To generator. 
Page 583. 


During the action of positive pulse the diode D, works as the peak 
detector, which makes it possible for capacitor/condenser C to be 
charged through resistor/resistance of R,, which is considerably lower 
than the resistor/resistance of R,. An increase in voltage across 
capacitor changes the polarity of voltage on the diode D,. Up to 
moment of time t,, which corresponds to the termination of the action 
of pulse, both diodes are not conducted and capacitor/condenser C is 
discharged through the high resistor/resistance of R,. The capacitor 
discharge ceases up to moment t,. Pulse of the increased duration, 
which has the triangular form (Fig. 11.1d), enters the amplifier, 


which works also in the mode of the limitation of amplitude. 
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Therefore from the output of amplifier is removed/taken the pulse of 


approximately rectangular form (Fig. 11.1le), which controls generator. 


Duration of triangular pulse, measured on its foundation, 
linearly depends on duration of measured pulse. Proportionality 
factor depends on the relation of resistors/resistances R, and R,, and 
also on the value of the voltage of the measured pulse and bias 
voltage E. The coefficient of expansion does not depend on 
capacitance value of capacitor/condenser C over a wide range. 
Capacitance value C is selected for the specific range of the duration 
of the measured pulse so that the charge of capacitor C would be 
realized according to the linear law. The linear law of the increase 
of voltage across capacitor C more easily is fulfilled for the pulses 
of short durations. For an increase in the range of durations of the 
measured pulses a change in capacitance value C can be provided. For 
an. increase in the interval of the measured durations with 
constant/invariable capacitance value C inductance L, back-out 
resistor of R,, can be used. The calculations of such a LRC-chain, 
utilized also for the linear scanning/sweep in the oscillographs, are 


given in § 10.3. 


Usually expander relies on increase of duration of measured pulse 


100 times and works in the range of change in initial durations to 10 
times with divergence from linear law of expansion not more than 1-5%. 
For decreasing the error of measurement the frequency of the 


vibrations of controlled generator 2 must be sufficient high, since 


yi 
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electronic counter records each half-period of oscillations. In the 
measurement by such impulse-momentum method with the duration several 


of ten nanoseconds resultant error is approximately 5%. 
Page 584. 


M. I. Gryaznov proposed methods of measurement of amplitude and 
durations of nanosecond pulses, based on increase in duration of part 
or entire pulse, that make it possible to lower error of measurement 
for pulse duration up to units of nanoseconds [208, 209]. Fig. 11.2 
gives the diagram, elucidating the method of measurement indicated and 
intended for measuring the amplitude of nanosecond pulses of the 
positive polarity (analogous diagram it eer be constructed, also, for 
measuring the negative pulses). The expander of the apex/vertex of 
the measured pulse in combination with the compensative pulse 


voltmeter here is used. 


When voltage of pulse exceeds compensating voltage across 
capacitor C,, occurs charge of capacitor C through the 
resistor/resistance of open diode R,, moreover R; < R. Time constant 


of the charge 
%3=t(1+C/Cy), (11.1) 


where i= CyrRg, 


Cy- the transfer capacitance of diode. 


( After termination of pulse capacitor/condenser is discharged 


through resistor/resistance R to capacitor/condenser C,>>C up to 
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voltage U, with time constant 1=CR. 


of pulse at the output of expander. 


IL 
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Fig. 11.3 gives the oscillogram 
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Fig. 11.2. Diagram for measuring amplitude of nanosecond pulses. 


Key: (1). Amplifier. (2). Start-up circuit. (3). Indicator. 
Page 585. 


On resistor/resistance of R is formed the pulse of exponential form, 
whose amplitude U, is proportional to the excess of the surge voltage 
above that compensating for and it is inversely proportional to the 
duration of the measured pulse (when 4,<r,). “fhis pulse is the expanded 
apex/vertex of the measured pulse. The bellying of the measured pulse 
is amplified and then this pulse enters the start-up circuit, starting 
it; functioning this diagram is recorded by indicator. Changing the 
value of the compensating voltage with the aid of potentiometer R, it 
is possible to draw nearer the compensating voltage the amplitude 
value of the measured pulse so that will be discontinued functioning 
start-up circuit. The value of the compensating voltage U,, which 
corresponds to the threshold of functioning start-up circuit, is 
measured by voltmeter. The accuracy of measurements is 


rated/estimated by the relationship/ratio 


Us 
g=1—-=3, (11.2) 


where U - amplitude of measured pulse. 
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At moment of cessation/discontinuation of functioning start-up 
circuit occurs equality U,=KU,, where U, ~ voltage of threshold of 
functioning start-up circuit; K - amplifier gain. If values U and U, 
are constant, then with a decrease in the duration of pulses (f,<1,) the 
amplitude of the bellying of pulse yu, decreases, which causes need 
(for guaranteeing the given value ,,) in the decrease of value U,. 
However, the decrease of voltage U, according to (11.2) leads to an 


increase in the error of measurement. 
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Pulse at output of expander. 
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Therefore, with a decrease in the pulse duration, in order to decrease 
an error of measurement, it is necessary to increase factor of 


amplification K. 


Thus, expansion of apex/vertex of measured pulse makes it 
possible to measure its amplitude for short pulse duration, since 
application of narrow-band amplifier becomes possible. However, the 
duration of the expanded pulse must be less than the pulse repetition 
period. This means that the passband of amplifier is determined only 


by the maximum repetition frequency of the measured pulses. 


The expansion of pulse apex, furthermore, contributes to the 
elimination of effect of transfer capacitance of diode C,, measured 
pulse through capacity/capacitance of diode (if ts <p) evinced by 


straight/direct passage. The amplitude of this pulse is equal to 


U 


and it does not depend on the compensating voltage. For eliminating 
the undesirable effect of straight/direct pulse advancing it is 
necessary that the amplification of this pulse would be insignificant, 


i.e., amplification factor would satisfy the inequality 


. Ki< Us (t+C/Cs) od (11.4) 


If this condition is not satisfied, then a false response of 
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start-up circuit appears. Since amplifier has narrow passband, the 
inequality (11.4) is fulfilled for the pulses of the nanosecond 
duration, when tp <1. If necessary to measure the amplitudes of 
pulses, whose duration is more than tp it is necessary to reduce 
amplification factor or to introduce the diagram of the compensation 

a“ for straight/direct pulse advancing through the diode. Such diagrams, 
which include inverter cascade/stage or bridge circuit, complicate the 


construction/design of measuring meter. 


As has already been indicated, in measurement of pulse amplitude 
with smallest duration of (i, <‘4s) for reduction in error of measurement 


it is necessary to increase factor of amplification K. 
Page 587. 


For the same purpose to desirably reduce time constant 1,=t,(!+C/Cn), 
for which should be used the diodes with the minimum value of time 
constant t1=C,R,. However, the selection of the low value of relation 
CiC; is undesirable, since this can lead to the unstable work of 
instrument and an increase in the error of measurement. It is 
necessary to note that with the estimation of error in the measurement 
of the pulse amplitude the value of the resistor/resistance of open 
diode pr, is considered constant. However, the volt-ampere 
characteristic of diode, is especially in its initial part 
substantially nonlinear. Therefore the expressions given above are 
valid only in the measurement of pulses with the sufficiently large 


Cy amplitude. A total error of measurement of the pulse amplitudes with 


ii wit cae. 








G7 


DOC = 88076733 PAGE “A 


a duration of about 1 ns composes 1-5%, and for the pulse duration of 
more than 20 ns error compose a total of about 0.5% with the pulse 


amplitude of approximately 100 Vv. 


y Fig. 11.4 gives another diagram with expander of pulses [209], 
which makes it possible to measure pulse duration at its assigned 
level E. The here measured pulse enters the balance detector, 
assembled on the diodes and which is used for a preliminary increase 


in the pulse duration. 





0 ee , eae ats 





DOC = 88076733 PAGE ‘ 





b) 
Fig. 11.4. Diagram for measuring pulse duration at assigned level 


(a), oscillogram of pulse (b). 
Page 588. 


The reference-voltage source 3 is included in one arm of the detector, 
and in the second arm reference voltage is created by the source, 
connected to terminals 4. When the voltage of the measured pulse 
exceeds voltage across capacitor 5, occurs charge of capacitor 6 
through diode 2. However, in the case of the excess of the voltage of 
the pulse above total voltage across capacitors 5 and 7 the charge of 
capacitor 8 through diode 1 is realized. ‘the capacitor discharge 6 
through resistor/resistance to 9 occurs after the termination of 
pulse, while that of capacitor/condenser 8 - through 
resistor/resistance to 10. Thus, on resistances to 9 and 10 there are 
formed the expanded pulses of approximately triangular form, but with 
the different amplitude. These pulses through capacitors/condensers 


11 and 12 enter subtraction scheme 13. The pulse, obtained as a 
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result of the subtraction of two pulses indicated, will have an 
amplitude, proportional to the duration of the measured pulse at the 
assigned level (fig. 11.4b). Differential pulse after amplifier 14 
through diode 15 enters capacitor/condenser 16, which is connected 
with electrometric diagram 17. This diagram measures voltage across 
capacitor 16, which corresponds to the duration of the measured pulse 
at the assigned level. Key 18 serves for stress relieving from 


capacitor/condenser 16. 


11.3. METHOD OF MEASURING THE PARAMETERS OF THE PULSES OF KNOWN FORM 
AND BY THE JETTY OF AMPLITUDE. 


Methods of measurement of parameters of nanosecond pulses 
described above are suitable, if pulse amplitude is considerable, i.e. 
when its value exceeds value of nonlinear section of volt-ampere 
characteristic of diode. In the measurement of the parameters of the 
periodic pulses of a small amplitude stroboscopic methods can be used, 
whereas the measurements of single pulses with a small amplitude and 


the duration are very difficult. 


M. I. Gryaznov proposed method of simultaneous measurement of 
amplitude and duration of nanosecond pulses of known form and small 
amplitude, based on use of two nonlinear elements with different 


volt-ampere characteristics (211, 212]. 


Page 589. 
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In the measurement of such pulses, which have the large porosity (more 
than 107), is realized the conversion of nanosecond pulses with the 
aid of the nonlinear circuit into the longer pulses, amplitude whose 


measurement is easy to carry out. 


Simplest diagram of expander of pulses with nonlinear element is 
given in Fig. 11.5. During the action of the pulse of voltage u, 
occurs the charge (or the discharge in the dependence on the pulse 
polarity) of capacitor/condenser C. After the termination of pulse 
this capacitor/condenser is discharged (it is charged) to the initial 
voltage through resistor/resistance of R and internal 
resistor/resistance of nonlinear element. For pulse widening the 
proper relationship/ratio of the time of charge and capacitor 


discharge C is selected. 


Let us examine dependence of amplitude of expanded pulse on 
parameters of measured pulse. For the majority of the nonlinear 
elements, utilized in the diagram of the expander of pulses, the 
volt-ampere characteristic is represented by the expression 


i=F(u, —Du,), (11.5) 


where D - permeability of nonlinear element (in the case of diode 


D=1). Process in the diagram is described by nonlinear equation [212] 


Flu(t)—Duq}=C [9+ Feu], (11.6) 


where a(t), — uy; U,(t)=4,— 4a 4 aNd uz, - initial constant voltages on 


input and output of nonlinear element, its determining mode works. 
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Fig. 11.5. Diagram of expander of pulses with nonlinear element. 


Key: (1). Nonlinear element. 
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If the discharge time of capacitance C is considerably more than the 
duration of measured pulse tp>te(fu. - the pulse duration, measured on 


its foundation), then 


! dult 
RE a(t) << SO, 


Du, (t) <u, (t). 


Then equation (11.6) takes form 


Flu (jj =e“, (11.7) 


from which it is located amplitude of expanded pulse 


bu 


U= e i F [u, (t)] dt. (11.8) 


0 


If expression of input pulse is recorded in the form 


u,()=Uqit,), (11.9) 
where U - pulse amplitude; q(t,) - function of shape of pulse; - ) 


4=t/ty; ty - pulse duration at certain level, then 
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Q 
U,=+t \F (Ug (t,)] tte. (11.10) 


9 ( 
where Q=t - porosity. | 
If we take ;,—#,,, then 


U,= StF Ualt,)] a. (11.11) 
0 


Thus, amplitude of expanded pulse is linear function of duration 


and nonlinear function of amplitude of measured pulse. 
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If pulse is supplied to the input of two expanders with nonlinear 
elements, which have different characteristics F,(u) and Fy(u), then at 


their outputs there will be those expanded of pulse with amplitudes of 


Ua fg (Fala tote 


0 

Q 9 

‘ : (11.12) 
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Counting C,=Cs, is examined relation 


\r ' Uatt o)dte 
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This relation does not depend on pulse duration and is only 
function of amplitude of pulse U, assuming that shape of pulse is 
known. Obviously, 4,(U) const, if functions F,(z) and F,(u) are 


linearly independent in the operating range of voltages/stresses. 


Thus, determination of amplitude of pulses of known form is 
reduced to measurement of amplitudes of expanded pulses y,, and U» 
and determination of their relations, and then on their relation and 
known dependence 4,(Y) for assigned shape of pulses is located their 
amplitude. Measuring device to more simply develop when is known not 


h4(U) for any given shape of pulse, but relation for the square pulses 


Fe 
h, =F 


which proves to be simplest (here q(t,)=#=1 with 0<t,<1 and q(t,)=0 with 
1<t,<Q). Then on this dependence and on the known shape of the 
measured pulse the result of measurements is recounted by simple 


method. 
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This conversion can be realized with the aid of the graph or simply 
with the aid of the calibrated dial faces, which records relation 


h.(U) for the different shapes of pulses. 


It is possible to show (211, 212] which for graphing of 


translation is conveniently relation hg(U) represented in the form of 


od es oe 
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series/row according to degrees of value U with coefficients 


K, =a" (11.14) 
Serta at 


which are determined exclusively by shape of pulse and are called 
factors of form of pulses of n order. In the general case the factors 
of the form of the pulses of che n order can be expressed through the 
factor of first-order form as functions K,(K,). In this case for the 
most widely used forms of video pulses these functions differ little 


from each other. 


Table 11.1 gives values of coefficient x, for some shapes of 


pulses [211, 212]. 


When nonlinear element has volt-ampere characteristic, expressed 
by quadratic dependence, then above- indicated series/row has only one 
member with factor of form K,. In this case the measurement of the 
pulse amplitude is reduced to the determination of the value of 
relation n,(U), and then according to graph/curve (Fig. 11.6) is 
determined value K,U=U,. Knowing pulse and, consequently, also K,, it 
is possible to find U. Virtually it is expedient determine value 

hg(U) with the aid of the logometer. If the output meter of logometer 
is graduated directly in values U,#K,U, then it is possible to 


directly count off the amplitudes of measured pulses. 


DOC = 88076733 





Fig. 11.6. Dependence of function 4,(U) 


on K,U. 
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Table 11.1. 
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Key: (1). Name of pulse. (2). Shape of pulse. (3). Reference 
level of duration. (4). Note. (5). Rectangular. (6). 
Trapezoidal. (7). a-1 for triangular form. (8). Rectangular with 
chamfered vertex. (9). a - relative value of decay in apex/vertex. 


(10). Exponential. 
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Continuation Fable 11.1. 
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Key: (1). Rectangular with the exponential shear/section. (2). ... 


time constant of section). (3). Triangular with exponential section. 


(4). from... to .... (5). Cosinusoidal. (6). Cosine-squared. 
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With the more complicated volt-ampere characteristics for determining 
the pulse amplitude besides coefficient of K, in the form of 
correction it is necessary to consider the factors of the form of 
higher order, expressed through coefficient of K,. However, in the 
measurement of pulses with small amplitudes and in these cases with a 
sufficient degree of accuracy it is possible to use the graph/curve, 


) 


analogous to that given in Fig. 11.6, or to calibrate the scale of 
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output meter directly in values U,. 


If pulse amplitude is measured, then according to (11.11) in 
value U, it is possible to determine pulse duration expedient to {,. 
For measuring the pulse duration is more expedient to 
select this mode of nonlinear element, with which in working amplitude 
range of measured pulses his volt-ampere characteristic it would be 
possible to consider linear, i.e., F(u)=Su, where S - mutual 


conductance. Then instead of (11.11) it is possible to record 


U, = SU (, (t,) dt, 
0 


or the duration of the pulse 


{y= — Ve. (11.15) 
SU [alt,) dt, 
0 


It is convenient to select reference level of pulse duration by 


such, in order to 
n 


So (ta) dty=1, 


then pulse duration, measured under this condition, 


=F: (11.16) 


It is virtuaily convenient at output of meter of value U, to 
place divider of voltage (potentiometer), with the aid of which in 


measured pulse amplitude it is possible to establish/install 
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Then readings/indications of meter (millivoltmeter) are proportional 
to the duration of pulse 4, and, consequently, its scale can be 


graduated in the values of the pulse duration. 


Described method of measuring of amplitude and duration of 
nanosecond pulses of small amplitude (less than 1 V can be used for 
measuring parameters both of periodically of repeating and single 
pulses. in the latter case for measuring the amplitude of expanded 
pulses, whose duration can be led to hundreds of microseconds, should 


be used the peak memory/memorizing pulse millivoltmeters. 


The possibility of measuring parameters of single nanosecond 
pulses considerably raises value of method in question since similar 
measurements with the aid of high-speed/high-velocity oscillographs 
are very hindered/hampered, and - it is generally impossible with the 


aid of stroboscopic. 


Accuracy of measurement of parameters Nf pulses with amplitude 
considerably smaller of 1 V, it is determined by selection of 
characteristic of nonlinear elements, by stability of mode and by 
accuracy of preliminary calibration of scales. In spite of the 


relative complexity of the method examined, can be obtained the 


satisfactory accuracy of the measurements of the parameters of the ) 
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nanosecond pulses, whose amplitude is approximately to two orders 
lower than permitted in the oscillographic measurements of pulses, 


especially single. 


Method in the case of applying of three or more number of 
nonlinear elements indicated makes it possible to determine 
coefficients, which characterize form of video pulse [211, 212]. 
Thus, during the application of three nonlinear elements becomes 
possible the development of the instrument, which measures 


simultaneously three parameters of pulse. 


11.4. MEASUREMENT OF THE PARAMETERS OF THE REPEATING PULSES BY THE 
METHOD OF COMPARISON. 


For determining time parameters of repetitive pulses duration of 
order of tenths and units of nanoseconds into [213]: proposed method of 


measurements, based on comparison of two identical pulses. 
Page 597. 


This method is similar to the stroboscopic method (see § 10.6), but 
here the role of strobe pulse fulfills the pulse being investigated, 
and at the output of meter instead of the image of the pulse being 

investigated is obtained the graph/curve, from which are determined 
the time parameters of pulse - the duration of front, shear/section 


and pulse apex. 


eT 
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Fig. 11.7a gives block diagram of meter. The pulse being 
investigated enters the coaxial splitter both through coaxial line 1, 
which has constant length and also through coaxial line 2, whose 
length can. be regulated, it is supplied to the wide-band comparison 
circuit of 3. Voltage u, at the output of comparison circuit is noted 
by indicator 4. Changing the length of line 2, it is possible to note 
the different values of the output voltage u,, which correspond to 
selected time difference of the delay +r of the second line relative to 
the first. From the obtained graph/curve u,=f(r) are determined the 
parameters of pulse. In Fig. 11.7b is given comparison circuit. 
After coaxial splitter identical pulses enter the diagrams (points b 


and c). 
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Fig. 11.7. Block diagram of installation for measuring duration of 


pulses (a), comparison circuit (b). 
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The coaxial line, connected to point c, has a variable length. 
Comparison circuit consists of a high-frequency diode, 


resistor/resistance R, and capacities/capacitances of C, and C,. 


Let us examine case of trapezoidal shape of measured pulse. Fig. 
11.8 gives the oscillograms of pulse u,, which enters point b pulse 
u,, which enters the point that delaying to the period r relative to 
pulse u,. At point a of diagram voltage uu, is created. Depending on 
the instantaneous values of pulses u, and u, the diode proves to be in 
the state of straight/direct or reverse/inverse conductivity. Fig. 
11.9 gives the equivalent diagrams, which correspond to the comparison 


circuit in the case of the straight/direct (Fig. 11.9a) and 


se eee = 


ee 


43% 


DOC = 88076733 PAGE TH 


reverse/inverse (Fig. 11.9b) conductivities of diode. Here » - the 
line characteristic, R, and R, - respectively the resistor/resistance 
of diode with the straight/direct and reverse/inverse conductivity. 
Since resistor/resistance R, is considerably more than 
resistors/resistances of R, and R,, then current i, is less than 
currents i, and i,. Determining first voltage at point a, equal to 

uw, then it is possible to find voltage on capacity/capacitance of C,, 
i.e. the output voltage u,. If the volt-ampere characteristic of 
diode is approximated by piecewise-linear function, then for voltage 


Ya it is possible to obtain [213] following expressions: 





uy ~ 2u, — te (u,— 4,) a t<(4,++) (11.17) 
Key: (1). with 
and 
Seed. 
Wy Qu, — uty Arye PPE GT esr tay, (11.18) 
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Fig. 11.8. Oscillograms of pulses in comparison circuit. 
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Amplitude of output potential of comparison circuit is determined 


from formula 


uy dt. (11.19) 


Knowing value of voltage U, for different values of delay time 7, 
it is possible to construct graph/curve U,=f(r). In the case of the 
linear approximation of the characteristic of diode from this 
graph/curve it is possible to find two characteristics of the pulse: 
the sum of the durations of front and the shear/section of pulse and 


the duration of flat/plane pulse apex (Fig. 11.10a). 


If we consider that with direct conductivity of diode its 
volt-ampere characteristic is approximated by square-law 
characteristic, and with reverse conductivity - by the linear 
function, then it is possible to determine by the method indicated 
three time parameters of pulse. For the interval of time t>(t,+7) 
occurs the reverse/inverse conductivity of diode and voltage uw, is 
determined by expression (11.18). With 0<t<(t,+r) voltage u is 
nonlinear function from u,, u,, t, and rt and can be determined by 
graphic method. Designed thus dependence U,+f(r) is represented in 


the form of graph/curve in Fig. 11.10b. 
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Fig. 11.9. ‘Equivalent diagrams which correspond to comparison circuit 
in the case of direct conductivity of diode (a), reverse/ inverse 


conductivity of diode (b). 
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With the aid of this graph/curve are determined three time parameters 
of pulse - the duration of front, shear/section and flat/plane pulse 


apex. 


In measurement of parameters of pulse error will be the less, the 
more precise carried out precomputation by curve U,=f(r) for this type 
of diode and the wider-band comparison circuit, which is fulfilled in 
the form of coaxial system similarly to converter in stroboscopic 
oscillograph. For various forms of the pulses being investigated it 
is necessary to previously have calculated graph/diagrams of 
dependence U,=f(7r). Experimental investigations show that it is 
possible to construct a comparison circuits with the passband of 
approximately 5 GHz and to carry out measurements of pulses with the 


front with duration on the order 0.1 ns [213]. 
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Method of determining parameters of pulses with self-strobing can 
be different [214]. Let the diode which operates in the comparison 
circuit have the quadratic volt-ampere characteristic i=ku?. Both 
pulses enter directly the diode indicated. Depending on delay factor 
of the pulse, which passes variable delay line, overlapping of the 
pulses, which come the diode, will be different (Fig. 11.11), 
therefore, will be different and output potential of comparison 


circuit 


ua (t) =k [at () + a3 (t) + 2u,(1) u,(t)]. 


Value of the product u,(t)u,(t) can give information about - 


parameters of pulse being investigated. 
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Fig. 11.10. Dependence U,=f(r): a) for case of linear characteristic 


of diode; b) for case of square-law characteristic of diode. 
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If pulses do not overlap, then this product will be equal to zero. 
Let us examine expression for the value of impulse flashing over of 
trapezoidal form and rate of change in this overlap as the functions 
of relative pulse delay +r. Using the designations of Fig. 11.11 we 


have in the interval of delay 0<1<(lytfcp) a height/altitude 


hs sinasinB . wy 


=* Sin (a+b) ctge+ctee fetter” 
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Fig. 11.11. Graphs of pulse overlap with self-strobing. 
Key: (1). Delay. 
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Analogously for interval of delay (,+t,)<1t <(tottepy t's) we will 


obtain ds/d¥=U; tor interval ot delay (ty tat lop) St< (ly + la + few) 


we have dS/dt=-U; for interval of delay (fy-+le,pp2ly) <r p tote +2tey) 


this rate of change OS adnate 
dt ty + fep 


where ty, fcp, ts 7 respectively duration of front, shear/section and 


flat/plane pulse apex; U - amplitude of voltage. 


For different intervals of the variation of delay factor +r 
dependence of area S on r is differently and represented either by 
parabolic or linear function with different inclination/slope. 
Observing slope deviation the crown of curve for different intervals 
of delay 7 it is possible to obtain information about the sum of the 
durations of front and shear/section (fs+/cp), the corresponding to 
parabolic section curve, about the duration of pulse apex 4, by the 


corresponding to linear section curve, and about amplitude U, which 
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corresponds to the slope of the linear section of curve. The obtained 
relationships/ratios are valid for the quadratic dependence of the 
volt-ampere characteristic of diode, which occurs with the work with 


the low value of signal. 


In contrast to stroboscopic method of oscillography, where time 
resolution is determined not only by broad-band character of 
converter, but in essence with gate length, here plays role only 
broad-band character of comparison circuit. Furthermore, in the 
measurements by the method examined there is practically eliminated 
the effect of the factor of the instability of the temporary situation 


of the gate pulse of that of relatively investigated. 
11.5. Dividers of the voltage of nanosecond pulses. 


During the investigation of nanosecond pulses of high voltage and 
in measurement of their parameters voltage dividers frequently are 
utilized, since in majority of cases high-speed oscillographs, pulse 
voltmeters and other instruments of nanosecond range are not designed 


for work with high voltage. 


The fundamental requirement for different attenuators, which are 
utilized in nanosecond range of durations, is the requirement of 
considerable broad-band character. Therefore, such devices are built 


mainly in the form of systems with distributed parameters. 


Page 603. 
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When the required passband does not exceed hundreds of megahertz, 
there can be utilized dividers in the form of circuits with the lumped 
parameters. Dividers with the lumped parameters are capacitive or 
from the effective resistance. Capacitive voltage- dividers must be 
arranged/located directly about termination in order to avoid the 
stray inductances of coupling conductors. The transmission of pulse 
from the output of divider to the load with the aid of the cable is 
here excluded aucvee the impossibility of the agreement of capacitive 
voltage-divider with the wave impedance of cable. During the proper 
construction/design of capacitive voltage-divider with its aid it is 
possible to divide the voltage of pulses with a minimum duration of 


front of up to 0.5-1 ns. 


So that dividers from effective resistance would not have 
noticeable parasite inductances and capacitances, the effective 
resistances are fulfilled in the form of special carbonic coatings, 
applied to ceramic rods, cylinders or washer. The resistor/resistance 
of the high-voltage arm of divider does not usually exceed 1 kilohms, 
Since with the high value of resistor/resistance there is manifested 
the shunting effect of longitudinal capacity/capacitance. However, 
the resistance of the output arm of divider there must not be too 
little, otherwise is manifested the effect of stray inductance. The 
output arm of divider from- the effective resistance can be coordinated 
with the wave impedance of the cable, utilized sometimes for the 


transmission of pulse from the divider to the load. Dividers from the ) 
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effective resistance sometimes are placed into the coaxial systems. 


















DOC = 88076734 


Thus, during the use T - the figurative circuit of divider is obtained 
the simple construction/design of the divider of the voltage, which 
has the low parasitic parameters (Fig. 11.12) [215]. Central rod from 
the ceramics is located within the cylindrical external conductor. As 
resistor units R, (sequential branch of divider) there are used the 
resistors/resistances from the carbonic coatings on the ceramic 
stream, while as the element of resistor R, (parallel branch of 
divider) - layer, applied to the céramic disk, which has contact with 
the central rod and the external conductor. Carbonic layer will be 
deposited to one side of disk in order to avoid supplementary stray 
capacitance. For eliminating eddy-current effect on the value of 
resistor/resistance at different frequencies the thickness of carbonic 


layer is taken by very small. 
Page 604. 
Divider of this construction/design can be used for work with 


pulses, duration of front of which approximately one nanosecond. 


As dividers of voltage of nanosecond pulses find use dividers, 
which are simultaneously load resistors/resistances usable in 


technology of superhigh frequencies. 
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a) 


} 
Read Rr ( % rod 


b) 
Fig. 11.12. Diagrammatic representation of construction/design of 


divider of voltage (a), schematic of divider (b). 


Key: (1). Input. (2). Output. 
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Fig. 11.13. Diagrammatic representation of construction/design of 
divider of type NS-1 (a), diagram of divider (b). 


Key: (1). Input. (2). Output. 
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Thus, for instance, utilized are series load resistors/resistances, 
which are simultaneously dividers, of the type SN-1, ESN-100, designed 
for different power with the coefficients of the division of voltage 
10 and 25, and also other dividers. Fig. 11.13 gives diagrammatic 


representation of the construction/design of a divider of the type 





999 
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NS-1. Here cylindrical resistor/resistance of the type of UNU is made 
in the form of carbon coating, applied onto a ceramic rod. 
Resistor/resistance is placed into aluminum shield of the 
variable/alternating section, whose diameter changes exponentially. 
Stepped transition/junction provides the matching of input resistance 
of divider with coaxial cable (of type RK-75-4-15), which has the wave 
impedance of 75 ohms. In the design the removal/outlet of divider, 
designed for the weakening 20 dB at the power to 10 W, is provided. 
Output resistance of the divider of 75 ohms. The broad-band character 
of divider is affected the quality of transitions/junctions and on 
properties of carbonic coating. The latter has a layer, whose 
thickness is small, and it is possible to disregard the effect of 
surface effect to the frequencies, which exceed 1 GHz. Such dividers 
can be utilized with the work with the pulses, which have the duration 


of front of approximately 0.5 ns and more. 


Fig. 11.14 depicts divider in the form of distributed system, 
developed by Fletcher [216]. At the base of divider lies/rests the 
simplest dividing circuit (Fig. 11.14a), where consecutive and 
parallel resistor elements R, and R, are formed by the input 
resistances of two concentrically arranged/located coaxial lines (Fig. 
11.14b). Internal line with a wave impedance of 5 ohms 
(resistor/resistance R,) has polyethylene insulation. In the external 
line as the insulation is used rutile (TiO,), whose relative 
dielectric permeability is equal to 85 and does not depend on 
frequency up to 30 GHz. The internal and external surface of rutile 


is covered with silver. 
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Fig. 11.14. Diagrammatic representation of coaxial divider of voltage 
(a), schematic of divider (b). 


Key: (1). Input. (2). Output. 
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The wave impedance of the second line (resistor/resistance R,) is 
equal to 0.5 ohms. Thus, the coefficient of the division of voltage 
is equal to 100. The output removal/outlet of divider is taken from 
the internal conductor of the second line through the opening/aperture 
in the ceramics. Tapping point is selected so that the corresponding 
sections of line would be agreed on. The distortions of pulse during 


its division do not exceed 10% for the duration of front 0.3-0.4 ns. 


When continuously variable control of coefficient of division is 
required, can be used construction/design of divider, carried out in 
the form of non-uniform circuit of transmission, whose length of 
center conductor is regulated. With a change in the length of center 
conductor the resistor/resistance of one branch of divider changes, -) 


and consequently, changes the coefficient of division. However, it is 
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necesSary to bear in mind, that during the transmission of pulses 
along non-uniform circuit appear some distortions of pulse, as this 
follows from the examination of the transient responses of 


non-uniforms circuit of transmission (§ 1.8). 
11.6. Measurement of the pulse responses of the transmission lines. 


In measurement of parameters of nanosecond pulses high value has 
quality of lines of transmission of measuring circuit. The 
transmission lines must not distort the pulses, applied to the input 
of the measuring instrument or transmitted from one unit of measuring 
device to another. Transmission lines must be sufficiently wide-band 


and not have noticeable heterogeneities. 


During transmission of pulses of nanosecond duration it is 
frequently indicated that the time of propagation of the pulse along 
the line is considerably longer than its duration. The presence of 
heterogeneities in the line causes appearance of the echo pulses, 


which are propagated in the form of incidental and counterflows. 
Page 607. 


However, in the form of the short duration of main impulses and with 
their considerable porosity the echo pulses do not introduce such 
noticeable distortions of fundamental pulses, as this could be with 
the longer pulses or in the case of the transmission of continuous 


oscillations. Therefore during the transmission of nanosecond pulses 
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the evaluation/estimate of the quality of the transmission lines 
according to their frequency characteristics, taken/removed in steady 
state, can be erroneous. Instead of the widespread in the technology 
of shf method of the evaluation/estimate of lines with the aid of the 
standing-wave ratio, measured in steady state, for the nanosecond 
pulse technique is frequently desirable the measurement of the 
transient or pulse responses of lines. The latter, in particular, 
make it possible to reveal and to rate/estimate the heterogeneities, 


available in the transmission line. 


Thus, for evaluation/estimate of heterogeneities in two-wire 
circuits and waveguides already sufficiently widely is used method of 
measurements with the aid of pulses of very short duration, based on 
principle of radar [217-220]. Fig. 11.15 gives the block diagram of 
the measuring device, intended for the evaluation/estimate of 
heterogeneities and removal/taking of the pulse responses of line. 
The master oscillator 1 shapes the trigger pulse, which enters the 
generator of sounding pulses 2, and also shapes the calibration pulse, 
which enters pulse oscillograph 6 through a certain time interval, 
whose value is regulated. The generator of sounding pulses 
forms/shapes either video pulses or radio pulses in the dependence on 
the type of the circuit (cable or waveguide) being investigated and 
its designation/purpose. Sounding pulses very by the jetty of 
duration and the pulses, reflected from the heterogeneities of 
measured line 3, come detector 4 and after it to the attenuator or 


amplifier 5 oscillograph. ) 


fe Cl AT A ra 
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All these pulses are observed on the oscillograph and intervals 
between them are measured with the aid of calibration 


device/equipment. 
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Fig. 11.15. Block diagram of device/equipment for measuring 


heterogeneities of the channel of transmission of pulses. 
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Realizing preliminary calibration of the circuit of the signal of 
oscillograph, it is possible to measure the voltage of the echo pulses 
and to rate/estimate the value of heterogeneities along the line being 
investigated. Depending on the required resolution of instrument as 
the sounding pulse are utilized the pulses by a duration from 
fractions of a microsecond to fractions of a nanosecond. During the 
selection of the duration of sounding pulse is considered both the 
necessary time resolution and the reliability of the determination of 
the coefficient of reflection of waves from the heterogeneities. 
Therefore, a certain optimum value of the duration of sounding pulses 


[158] is selected. 


During investigation of waveguides, furthermore, it is necessary 
to consider optimum value of pulse duration in connection with 
increase in duration of radio pulses during their propagation on 
waveguide due to dispersion, whose effect on increase in pulse 
duration depends on length of waveguide being investigated (see § 


1.7). For rectangular waveguides the optimal duration of the sounding » 
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radio pulse is within the limits of 2-5 ns. 


During investigation of nanosecond pulses by means of an 
oscillograph, which contains a tube with a deflecting system of type 
of traveling wave (TBV), it is very desirable to know characteristics 
of tube and, in particular, value of heterogeneities at the input and 
output of the deflection system and along its spiral. Such 
measurements can be carried out according to the method in question. 
If we in the measuring unit use the stroboscopic unit, which makes it 
possible within large limits to change the value of the amplification 
of pulses after their conversion, then the sensitivity of entire 
installation considerably increases. Therefore it proves to be 
possible with a sufficient degree of accuracy to investigate the 
heterogeneities of the deflection system of the TBV and, consequently, 


also to estimate its pulse response. 


Fig. 11.16 gives simplified block diagram of installation, 
intended for investigation of circuits of travelling-wave tube and TBV 
[221]. The unit of pulse generator 1 forms/shapes the sounding radio 
pulses, which enter the TBV 2 being investigated, and it also shapes 
the synchronizing pulses, which pass to the generator of strobe pulses 


3. 
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The pulses, reflected from the heterogeneities of the tube being 


investigated, with the aid of directional coupler 4 are 
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separated/liberated from launched pulse and are fed to the converter 5 
of the stroboscopic unit, to which simultaneously come the strobe 
pulses. After amplification with the aid of the travelling-wave tube 
6 converted radio pulses enter detector 7. After detector the pulses 
through low-frequency filter 8 fall on usual oscillograph 9, which has 
amplifier in the circuit of signal. The spacings between pulses are 
measured on the oscillograph and their amplitude is determined. After 


this, the pulse response can be constructed. 


There is great interest in the possibility with the aid of method 
in question to determine the nature of heterogeneities in the line, 
and to also measure the value of wave impedance along the line [220]. 
The application of a stroboscopic oscillograph for indication and 
measuring the pulses allows in the series/row with the sounding pulse 
to measure the echo pulses of a small amplitude. The ratio of the 
amplitudes of the sounding and reflected pulse can be 1000, and the 
measured distances between the heterogeneities in the cable can be the 


order of centimeters. 


For determining the nature of the reactance, created in line by 
heterogeneity, a comparison of signals reflected from investigated and 
known heterogeneities is conducted. Fig. 11.17 shows the oscillograms 
of the signals, reflected from the purely inductive (a), capacitive 


(b) and active (c) heterogeneities [220]. 
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Fig. 11.16. Block diagram of installation for investigation of 


delaying systems. 
Page 610. 


When heterogeneity is effective resistance, it is possible to take its 
measurement with an accuracy to hundredths of an ohm. For this 


instrument it is calibrated on the standard resistance. 


With the aid of such instrument, duration of sounding pulse of 
which is equal to 0.5 ns, were investigated coaxial cables, 
heterogeneities were determined and change in wave impedance of cable 
along its length was measured. This made it possible to coordinate 
the electrical length of the cable with an accuracy to several 


millimeters. 


Further improvement of described methods of characteristic 
measurement of lines of transmission and wide-band deflection systems 
of oscilloscope tubes will make it possible to improve 
evaluation/est imate of the quality of the systems and, thus, to ensure 


proper checking during development of new pulsers of nanosecond range. 
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Fia. 11.17. Oscillograms of input and echo pulses during a study of a 


line with heterogeneity of inductive (a), capacitive (b) and active 


(c) character. 


Dot = 88076735 


REFERENCES. 


I HWaxsonn 3. C Hoenyavcuse yetpoiictsa. Haa-so «Cusetcxoe 
parnos, 1959. 

2 Meeposuy.l A, 3cansyenxo 1. TF. Hunyabeiaa texnu- 
ka. H3a-80 «Cusctckoe patios, 1953. 

3. Fac6oans T. B, Mopyrun Jt. A. Sopmupopanne uw 
AYAbCUB HAHOCEKVHAHON AtuToAwoCTH. H3a-Bo «CoseteKoe palHos, 
1958 

41. Besopyecos H WH, Tpoares WW. It. Paasovacrotuwe 
KaGeon Toosepronusaat, 1939. 

db. Vae6oau4 F. Bo Mepexoanwe xapaxtepHcTHKH KO@KCHA.TbHbIX 
xaGerei c V¥eTOM NOTepbh B MPOBOAHHKAx H ANZTeKTPKe. «I.1eKTpoO- 
craspe, 196). 715, Ne 5, erp. 73 

6. ACen yank JL. A. Heycranosusmiecs mpouecchi B KOaKcHajAb- 
now naGeae «i aeccriia ALT CCCP» OTH, 1946, Ne 9, crp. 1243. 

7. Cusor1o0oennkos B. B, Tonunes 1. Hw Kpyte- 
kos ff. B. UYacrornpii Metro MmoctTpoeHHa TepexodNyx NMpoueccos 
¢ ApyaoKennew Ta6au mn HOMOorpaMM. Foctexn31at, 1935. 

8 FaeGoouya F. B. Mepexoanpe npoucccul B OANOPOAHLIX AU 
HMAX Nepetayn HMNYAbcos ¢Tpyat Topexosckoro no.texundeckoro 
unctutytas, 1964, 7. 20, auin. 2. 

9. TaeGosny IT. B. Hexamkenna HanoceKyHAHDIX HMMy.1bCOB pH 
NPUrOK ACH MU KOaKciaabHOMy KaGeato. «Paduotexnukay, 1963, 7. 18, 
Ne 10, ctp. 54 

10 Serer Po B [hpexoakble npoucccys B pacnpele.eHHulN 
cucTeMae pit Neperaye WW PopMApoBaHHH HaloceKyHAHDIX UMNy.1bCOB. 
<ltsnectnn Byson»y, Pannotexuuka, 1964, T. 6, Ne 1, crp. 42. 

ll. Nahman N.S, Gooch G. M. Proc. IRE, 1960, v. 48, 
Ne dt, p. 1852. 

12, Cohn S. B. Trans. IRE, v. MTT-2, 1954, Ne 2, p. 52. 

13 FacGoausa PF. Bo Mepexoanbe xapaktepicTuki NOLOCKOBEX 
AMRHH nepetadit. ~Paaiotexnuxa HW 31eKTpoHitkas, 1963, T. 8, Ae 2, 
etp 337 

14 Whinnery J R, Jameison H. W Proc. IRE, 1944, 
v 32, Ned, p 98 

15. Whinnery J. R. Jameison H. W, Robbins T. E. 
Proc. IRE, 1944, v. 32, Ne 9, p. 695 
, 16. Seitzer D. Arch. Ef. Obertragung, 1961, B. 15, Ae 7, 
. 303. 

17. Towaxos .1 HW, Onbaeporre EB. K teopin Kuak- 
cvaapnoh cniparbnoit annun. «Paanotexuika», 1948, T. 2, Ne 3, 
etp. 11. 


te ate ere 





Doc =F¥076 735 


18. Blewett JF. Rubel J. Proc. IRE, (947, v. 35, Ne 12, 
p. 1580 

19 Lewis 1. Proc. IEE, 1951, v. 98, pt. HH, p. 312. 

20. Kallmann H. Proc. IRE, 1946, v. 34, Ne 9, p. 646. 

i 21. Ditoro M. Conv, ‘Rec. PRE, Circ. Theory, 1953, pt. 5, p. 64. 

22. Beno3zceporn WW. C. IkcnepumentajaLnoe HecreloRaHHe CNH 
PAILNOTO TPaucihoOpMaTOpa MMAYALCOR HabOCeKVIRTNOL ATHTeABHOCTH. 
ellanectius py3og%, Paatotesiitka, 1962, 7. 5, Ae fT, emp. 58. 

23. beaoasepon WO. Co Hexakeuna paanoirintyLcon Bont 
PaALHO! ANH BatepAKH, «PuaNorernuKka HW s1eKTpPOHIKa», 1964, Ne 2, 
erp 24 

24 Karbowiak <A. CE. Proc. IBF, 1957, v. 104, pt. €(6), 
p. 339. 

25. Forrer M. P. Proc. IRE, 158, v. 46, XE, Ne 11, p. 1830. 

2% Habu BoA. Latunbe sini c u3MeuAOMIMICA BO ANH 
Napavetpami. <Iaentpiyectser, 1950, Ne 2, ctp. 42. 

27. Meavamresiu A LL Veornopoanme anni. «Paanorex- 
Hixas. 1951, 7 6, Ne5, crp. 3& 

28 Auteunenko O TL, Cownnkon B. HM. Mpunnien no- 
CTPOCHIA POPMIPYOULHX CNEM CC TCOLHOPOAHEMA THINAMI. «Paano- 
Texmika MW xIeKTpoNHNKa®, 1959, Tt. 4, Ne 2, erp. 1448 

29. Heitman M C. Skcnonenuuatapnan annus «Hapectua 9.1eK- 
TPONPOMbHLACHHOTH v.la6oro ToKa», 1938, Ne 4, erp. 420. 

30 TTutonnenko O. H. Cuntes neoanopoaneix annHA no BxO1- 
HOMY COTPOTHAACHAY . IaTaNBOMY B BILE po6Na-painonarbHOH PyHK- 
Ist YactoTe, *«Paaotexuika Ho gteKTpontikas, 1961, 7. 6, Ne Il, 
etp. 1825. 

31. Stapelfelds R.gloung F. Trans. IRE, 1961, MTT-9, 
Not, p 200 

32 Hefivan M C Asrovarigeckne aponecem it apacnia, H31-R0 
«Conctonoe patos, 1958 

3) Napkesawa WL A Teopetincekite ocnoan paanoceaau. Puc- 
Tesmaiat, 1957 

ot Ex tauwor C oH Mepexoitite npoucectt Bo npiemMio-yeuan- 
TOAIDHEEN cxeMas Caninit3iat, 1948 

35 Seiteer Do Archiv Elektr. Chertragung, 1962, B. 16, Ne 6, 
S 263 

36 Wiavonn FH Co Manvancwat revanka. bsa-po «Copercnoe 
paruo», 1949 

37 Kukel J, Williams EF. Conv. Rec. IRE, 1953, C. T. p. 81. 

38 Nupmuwan WoW. Vutarep A 8B MpeoGpasonanne 
rina cacprei. Hapa bostpainoit autepatypit, 1958 

39 Parker | J. Conv. Reco IRE. 1955, pt. 5, p 142. 

40 Lewis J. A, Wells F. H. Millimicrasecond Pulse Techni- 
ques Perg. Press London, 1959 

41 Konrotos O C, laGanos WO Hl, Wrabe6bep- 
exit 3. Teneparop vanocexVHANHX WMAYAbCOK ¢ NaaBHOlt peryanpos- 
Koit autretouoctH. «ApuGopo we tevuuka skcnepumentay, 1961, Ne 3, 
erp. &7 

42, Winnigstad G N IRE Trans. N.S, 1959, Ne 3, p. 26. 

43 Baeacueckuit JO B Penepatop nanocenyHanax wMayapcs, 
Antoperoe epintctetbetno Ne 129823, 1959 


Poog. 10) 0 





Koes ¥ 8976735 Poo /o/] 


44. Baenaenckui 1O. Bo Tupatponnuit reneparop Hanocen\H1- 
HUN WMAy ALCOR CO VHbepeAabHEE BENOTOM. «lisbeth aysoBe, Pa- 
Avotexuika, 1959, T. 2, Ne 2, ctp. 249. 

42 Jlutanncuko O H, Cownnkos B H. Pacucr mopma- 
pyomux aun. Pvctexuanat YCCP, Kues, 1962. 

46. Wheler H. Proc. IRE, 1939, v. 27, Ne 1, p. 65. 

47. Schatz E, Williams E. Proc. IRE, 1950, v. 38, Ne 12, 


. 1208. 
3 , 48. Tpanopcekuit B. 21, Denownsanna paspaxkenioro ra3a. 
«Tpyzn Bll», Sacktpontiie apr6opy, 194t, crp. 98. 
49. LpaGxun A.C, Cayuxun E. X. Paspa6otka meroanxn 
ONPedereilis WHONH3ANNOHHEN napaMeTpoB HW NApereabHOH 4acTOTL 
pa6oTld THPaTfeHoB B HMANVApCHOM pekuMe. COopHik MaTepiatos 19 
BakyyMnol TeNHHke, BUN. 5. Focsneprouzjat, 1954. 
: W. Bopunges T. A. Heayapcnme tHpatponst Hs3-80 «Coact- 
ckoe panos, 1958, 
| 51 Fae6ornny T. B, FpasnHosa MH, Atraunn K H 
{ Hecacaonanne WcKOTOpBIX CACM POPMBPOBARUA KOPOTKHX HMMY.1b<OR 
' «Paanotexnika H pleKTpOHiikas, 1958, Ne 4, ctp. 562. 
{ 52. Popsx4es st B Hexotopiie Bonpocht dopmuposanna Halir- 
\ CEKYHAHDIX Hvnyabcon & THpaTpoNnbx cxemMax. «Tpyaw FopexoseKxoro 
NOsanre\HNYECKOFO WucteTyta»; 1964, 7. 20, Bon. 2. 
53. Fac6oan4 T. B. Tuparpounei rexepatop wanocekyHaHnn 
HMNYAPCOB C MpuMencuHes yarnittHoro nota. «l3pectHa By30B», Pa- 
Anotexnuka, 1959, 7. 2, Net, erp. IL. 

Mo irnuun K. H, Ppazsuxop M. H. Hexotopsie sonpocu 
| reHepHPOBaNNA KOPOTKHX HMAYy.bCOB B CxeMaX c THPAaTpOHaMA. «Tpy- 
: aa Toppkosekoro o.aitexniuecckoro HCcTHTYTa», 1957, T. 13, Bun. I, 
i ctp. 84. 

' 55. ButcuGepr M. FL Pacuct a1eKktpowarnitHuX pete AAA 
| anmapatypbt anToMaTHKH i cBA3H. Focsneprou3iat, 1936. 


36. Brown J, Pollard C. Electrical Eng, 1947, v. 66, Ne J, 


p. 1106. 
57 Ceac3ucs fC, Toasnukos ol. H, Moucees A. B. 
Asropckoe caitizete.abcTB0 Ne 107469, 1956. 
| 


58. Toabrukos .1. H, Penepatop umnyapcos. Astopcxoe cBi- 
ReteanctHo Ag 120919, «Bioarctenb wso6petennit», 1969, We 6 


59 McQueen J. Electronic Eng, 1959, v. 24, Ne 296, p. 436. 


60. Mpo3zoposckni WO H. Tenepatop tpeyroapiux avinyab- 
cop. «Paanotexiitna», 1958, t. 13, Ne 9, crp. 47. 


61. Crexoapnunkon If C. O paGore tpexarextpoaHoro pete 
eBiorreten’ Boll», 1935, Ne 2. 


62. Fletcher R. Phys. Rev., 1949, v. 76, Ne 12, p 1501. 

63. Rompe R, Weizel W. Ztschr. Phys., 1944, Ne 1, S122. 

64. Mecau T. A, ¥Ycos 1. M1. Bananne aasszenur B RcKposoM 
MpoMeMYTKE PaIPAANHKA HA NapaMeTpel PPOHta BLICOKOBO.ALTHOFO HM- 
nyapea. «M3eectia ByIoB», DaepretuKa, 1961, 7. 4, Ne 12, crp. 68. 

65. BopoGtes TF. A, Mecau T. A_ Texnixa popmuposanisn 
BRICOKOBO.ILTHEX HAHOCCKVH.IHUX HMMy.1bcop. Focatomu3iat, 1963 

66 Bopotnesa A A, Bopo6Gbesa l. A, Mecau F. A. F- 
AuAcKH ATE Penepatop piscokonote TH WT AbCON Nano CRS HT: 


ote? casieiaes Sy a 


a 


leben, ee RS 


Docs 88076735 


Ho Aauteabuocti. elipuGopie a texiuKa sKeHepuMentas, 1962, 1. 7 
Ne 1, crp. 96. 

oe Fletcher R. Rev. Scient. Instrum. 1949, v. 20, Ne 12, 
p. : : 

68. Areaengep B..1, Hannu O.T, WenacposnaA. M. 
MopMuposaiue WMnyabcos Toka peryaupyeoil aaiteapnocts. «<IMpH6o- 
Pbl H TexHika skenepivertas, 1962, 7. 7, Ne 3, ctp. 81. 

69. Karaes Uf T. Yetpoiicrso 24a dbopsitposania mMmyabcos 
C KPyTLAM ibpontow. Astopexoe can tetesapcrBo Ne 118859, 1958 

70. Fanonos A.B, Opeituman YT. H., O6 yaapuex 91eKk- 
TPoMarHNTHAN BOAHAX B eppitax. KIT, 1959, 7. 36, Ne 3, erp. 957. 

Tl. Fanonon A. B, Opetaman PF. WH. K reopin yaapriy 
DACKTPUMAFHHTHAIN BOTH WH HeTHNeitHX Cpetax. «Haseetia ay3obs, Pa- 
ANomuanka, 1960, Tt. 3, Ne 1, etp. 79. 

72. Karacn Fl. PT. Maapuee stektpowariitiec nose. Ff3.1-B0 
«Conetekoe paanoy, 1963. 

73. Octposnekuit cL A. O6pasonanne mm pasate yrapHelx 
ZACKTPOMAFHHTHAN ROIN B AWIMAN Hepe lad C HCHACMIeEHHbIM PeppH- 
tom. KT®, 1963, 7. 33, Ne 9, crp. 1080. 

74. BDoratmpen 1. K. Cranuonapaiie Boant 8 HeanHeltHoil 
auckpeTHoll annun nepeaaan. «Harectun By3eB», PaitopusnKa, 1961, 
tT. 4, Ne 4, erp. 680. . 

75 Boratupes 10. K. Yaapnue daextpowarnsitiinte BOTH 
B HevNNeMMoOt ANH C cocpeloToueHiaMN Mapametpamn. «HMasectia 
‘ny3ou», Parnodusnka, 1962, 7. 5, Ne 6, erp. 1130 

76. Beaanunes A. M, Boratipen TO. K. Sopmuposanue 
YAapuAN sAckTPOMAFHNTHLEN BOTH C ABYMA pa3pLiBamn. «[LsnectHa By- 
gop, Parnopusika, 1962, 7. 5, Ne 1, erp. 116. 

77. Xoxaos P. B. K reopun yaapHuix paatoBo.H B NeaNHeHHLX 
awhnax, «Paanotexnuka n xteKTpowtkas, 1961, tT. 6, Ne 6, ctp. 917. 

78. Beaauues A. M, Boratrupes 1. K, Coaospe 
na JT. Ho Dopmiposante yAapHRN ¥ACKTPOMAFHNTHLX BOTH B ANNHRX 
mepeiayy c nenacumennuim depputom, «H3acctia vy3ou», Paanopi- 
3uka, 1963, t. 6, Ne 3, crp. S51. : 

79. Beanniues A. M, Boratumpes HW. K, Coaospe- 
pa JI. WH. Cransonaputie yapHble s.eKTpoMaruitible BO.IHEE BATH: 
HUAN Nepe.taun c uenacmienniM meppHtom. «Hanccria By30B», Paao- 
ipusHka, 1963, t. 6, Ne 3, etp. SOL. 

80. Bearsunes AM, Boratmpen WO. K. Pacuet teanneit- 
nox copMupviowAX amit, <Hasectam Byzo8%, Paanotexnika (8 fe- 
“atu. 

8t. Boratupes 10. K. Pacuet nestneiinoi tbopwnpyiouten .1u- 
HH C COcperOTONCHMEMH MapaMetpawn. «Hasectaa nyions, Paanotex- 
HUKa (B Me4Yain). 

82. Wanuaes 10. M. Auporos A.W, Jucunuen Po. 
Metoanka # pe3yabTaTee 9KcnepHMcHtaabHOrO HCCeIOBaHA HHAMH- 
YeCKHIX XA@PAKTePHCTHK KMMyAbcHOTO NepeMarHiyufania epputon 
B c6. crate «®epputu». Haa-no AL! BCCP, 1959, cro. 409. 

8. Beannucs A.M, OcrposcKaa -1. A. Pacnpoctpanenie 
HMNYABCOB B AWHAX nepelaut C .NOTYNPOBOANNKOBLIMH JLOaaMM. «H3- 
RecTiA BY30Be, Parnoduszitka, 1962, 7.5, Ne 1, ctp. 183. 

84. Auaponos A.A, Butt A.A, Xatixkun C. 3. Teopua 
KoacSaniti, Onauatcua, 1959, 


Poog. / 0] 


Laer eee fee 


PMO Ca eet ne: 


DOC F¥076735 


8. Tyxun B. ®. Mepexoansie npoueccet ss anneiinex 9.1 Menta 
PaaWoTexunveckix yctpoiicrs. O6oponrus3, 1950. 

8. Meeposuy JIA, 3etnH4enko .1. TF. Metoa pacueta 
CKOPOCTH ONPOKN.AWBAHHA CHYCKOBDIX He pe.laKCauloHHeX ycTpoitcTs. 
«Paaznorexuikas, 19353, 1. 8, Ne‘l, erp. 42. 

87. «<[fenepiposanie saektpHyeckux KoreOaHuit cneunaabHol tbop- 
Mol», Mep. c axra. H34-Bo «Coserckoe paano», 1951. 

88. A tonuw T. Huterpasapupe ypasnerua, OHTH, 1934. 

89. Keae3nos H. A. Paawotexnnueckhe yetpoiictaa ynpaaanio- 
mux KorZe6aHHH. H31-s0 .TKBBHA, 1949. 

90. Kpu3e C. H. YeuautetH Hanpaxettia HH3KOH Yactoth. Foc- 
aneprou3aat, 1933. 

91. Narud J. A. Trans. IRE, (EC-9, 1960, Ne 4, p. 439. 

92. Moody N.F.,.Mc Lusky G. J..iR. and Deighton M.O. 
Electronic Eng., 1952, Ne 291, p. 241; Ne 292, p. 287; Ne 293, p. 330. 

93. Wells F. H. Nucleonics, 1952, april, p. 28. 

94. Baptenes JI. C. Umnyancnma rentepatop c HetHHehHoa 06- 
patHoh can3pto. «H3sectia py30B8%, Pajwotexnuka, 1961, T. 4, Ne 2, 
cTp. . 

95. Krocbel W. Ztschr. angew. Phys., 1954, Ne 7, S. 293. 
Z ape Rumsninkel K. E. Ztschr. angew. Phys., 1954, Ne 12, 
. ddl. 

97. Bay Z. and? Grisamore N. T. Trans. IRE, EC-5, 1956. 
Ne 3, p. 121. ; 

98. Gruhle W. Elektronik, 1957, Ne 9, S. 261. 

9. Meabsunxos 10. M1, Wau C. A. MussumuxpocekyHinpa 
Gaokuur-renepatop. «Paanorexnuka», 1960, T. 15, Ne 6, ctp. 36. 

100. Meabpyukos 10. 1, Wan C. A. Maasamuxpocexywinuit 
GaoKnHr-renepaTop np Matoi pa6oyeh emKocTH. «PaanotexHuka», 1960, 
t. 15, Ne Ul, ctp. 34. 

101. Yaaukun B.C. Perepatop mactaimuKpocekyHAHx HMNY.1b- 
cop [TMH-23. <Snextpocea3b», 1960, Ne I, crp. 40. 

102. Yaaaos B.B, Tymnu JO. H. Fenepatop rpynn umny.b- 
cop HawocekylAko IanteapHoctu. «MpH6ope 4 TexHHka 3KCNepHMeH- 
ta», 1960, tr. 5, Ne 6, crp. 62. 

103. Dopmupobakite HMny.bcOB c BbiCOKOM YacTOTOA c.e1OBaHIA. 
pier fen eG eee BT-132, 1959, spin. 33. 

104. Mac Donald Smit J. El. Eng. 1957, Ne 4, p. 184 

105. HeisapKk 10.H, Makaakos 1. K. 4 Eaxuna JM. 
Uupkynuna uMayaLcos BOCH.ALHO HeaMHeAHOA cperte, O6AaraIOMeH ANC: 
Nepcweh. «Parnorexuntka # 9.1eKTpoHHKa», 1958, tT. 3, ctp. 1348. 

106. Cutler C.C. Proc. IRE, 1955, v. 43, Ne 1, p. 196. 

107, Rosenhein and Anderson A. G. Proc. IRE, 1957. 
v. 45, Ne 2, p. 212. 

108. TopGaueo B.M, Kopoaes B.H., Yaapos H. A. Le- 
HepaTop H8HOceKyHiHmx HMNyaADCOB. «IIpHOopel H TeXHHKa aKkcNepH- 
Menta», 1962, +. 7, No 6, crp. 81. 

109. Pacnyruuit B. H. Tpansucropnue perenepatuanme HM- 
Ny.thCdele reneparopu c 3anazauiealomcit obparnok caa3zow. «Hanecrua 
By30as, Parnorexnuka, 1962, r. 5, Ne 2, crp. I7L. 

110. Boratmpes 1. K. Fenepatop nanocexynansx aMnyabcoa 
C HeanHenHOA 3ana3zquBanuteh OGpatHoA cen3bio. <H3sectia By308>, 
Paanorexnuxa, 1962, tr. 5, Ne 3, ctp. 399. 


Pog /o/3 





“eweq 


Rem 


eens eee 


Docs #8096735 


I. ®poaknn Bo T tlayavenaa texmuxa. Hst-no «Conetcxoe 
pacuios, 1960. 

12. Maryaiip T. Botuucauteaitoe yerpolictuo 218 pa6oti ua 
wactote 1000 Mey. B c6. «Tynneapibic cuore». 113:-bo wHoctpanuoit 
smutepatyper, 1961. 

13. Emwumypa T. Bercrpoaciictayoutee saektTponnoe pbiatcait- 
Terblloe yetpoiteTRO Ha TYHHeNBIX ANOTax. B c6. «TywHcabHble -uto- 
Ab». H3a-Bo0 suoctpannoit antepatype, 1961. 

'l4. Bergman B. H. Trans. IRE, EC-9, 1960, Ne 4, p. 430. 

ane Sarrafian G. P. IRE Internat. Conv. Rec., 1961, Ne 2, 
. 871. 
r 116. Vzonoglu V. Proc. IRE, 196], Ne 9, p. 1440. 

I7,. Whetstone A. L. Proc. IRE, 1961, N29, p. 1444. 

118. Guckel H. Proc. IRE, 1961, Ne H, p. 1685. 

119. Corneretto A. Electronic Design, 1962, Ne 3, p. 4. 

120. Aleksander JI. and Scare P. W.A. J. Brit. IRE, 1962, 
UM, p. 177. 

121. Commepe X. u ap. Tipuvtenenite TyHWeabHUX AMOA0B 241A 
ycuaenia c MatuMN wyvann. Boc6. «Tyineapiuie anor». H3a-6o HHO- 
cTpannoi attepatypp, 1961. 

122. Tepmen30n EM, CeansanenkoH. E, 9tknn B.C, 
O inpumenenin TYHUeTLHBIX 10208 B PaTHOTeXNMMECKHN cXeMaX, «I7eK- 
Tpocnasb», 1961, 7. 15, Ne 8, erp. I. 

123. Tranburulo R. F., Burrus C. A. Proc. IRE, 1960, 
Ne 10, p. 1776. 

"24. Burrus C. A. Proc. IRE, 1960, Ne 12, p. 2024. 

‘3 lee Chang K.K.N., Heilmeier, Prager, Proc. IRE, 1960, 
Ne 5. 

126. Commepe X. Henotww30nanic TyHHeAbNBIX 110108 B Kauc- 
crae spicoxoyacTotums npi6opos. B c6.«Tyxerpuue anor». H34-B0 
HHOcTpaltoil anreparypin, 1961. 

127. Bepr M.A, Topsunos C. A. Mlosynposorznukospe mpu- 
Pee OTPHUATE.TBHEM CONPOTHB.AeHHCM. «Q.1eKktpocenab», 1961, Ne 3, 
erp. 31. 

128. AwnsMos H. M. Crojfictsa i apumenenita p-n-p-a npxOopos. 
«Paanotexnikas, 1962, r. 17, Ne 12, ctp. 69. 

129. HoSpoxoron H. LT. Moaynponoaunkoune p-2-p-n nepe- 
k.uovatein. B c6. «Hosaynposojnikosme monGope i x mTpuMeHeHsce, 
bun. 7. Haa-so «Conetckoe panos, 1961. 

130. 9saKku J]. Hoopte asacnia B TONKHX repMaHicBeN p-n me 
ear B c6. «Tyitterpyie nots. H3y-80 HHocTpannof anTepaty- 
pol, 1. 

13}. Saaku JI Caofictna sucokoternposannoro repMaHug Wt TOH- 
KNX p-n nepexo108. B c6. «Tynneavubte Anoaby. H31-80 WHocTpakHolt 
a1ntepatypsl, 1961. 

32. Lesk I. A. Suran J. J. Electronic Eng. 1960, Ne 4, p. 270. 

133. Roberts G. W. Electronic technology, 1960, Ne 6, p. 222. 

134. Kononos B. 1, Cuaopos A. C. Tyunerbype anoint 
Wx upumenciie, B c6. <Moayuposornnkosie npnGopr ms nx mpiMene- 
Hee», shim. 7, H3aa-80 «Conctckoe paattos, 1961, crp. 340. 

135. Ferendeci A, Kow H. Proc. IRE, 961, Ne 8, p. 1898. 

136. Teck 2. w ap. Fepmannesuii 4 kpemiunesuil tynverbHe 
atom B c6. «Tynttcapiue ato. Hsa-no mnocrpanuoi anrepatypes, 

iL, 


Pane pol 


a ee 


Rae ta a 


pet eM et. 


PRET 


mes B30 76735 


cna eNO SPITE 6 Mie amare MAT 


137. Dickens L. S. Microwave J. 1962, Ne 7, p. 70. 

138. Oncetyan B. H, Wsapu H. 3. «Tyuteanuste ayo tus, 
YOH, 1962, 7. LAXVIT, sun. I, erp. 129. 

1399. Bopottnos 1. Il, Merpos BLM, Pxkesxun K C. 
Hsucpenie uapaMetpos ryuneabiusx Atotos., Bo c6. «Moayuposy. titties: 
Bue MPNGophl HW OMX apHMenenies, Bun. 7. H3a-uo «CopetcKoe paitno-, 
1961, erp. 195. 

140. Herzog G. B. Onde électr., 1961, N2 409, p. 370. 

141. Dalley E. J. Electronic Design, 1961, April, p. 36. 

142, Todd C. D. Semiconductor Products, 1960, dec. p. 27. 

143. Wen-Hsing Ko Electronics, 1961, Ne 6, p. 68. 

144. Shuller M, Gartner W. W. Proc. IRE, 1961, \° 8, 
p. 1482. 


145. Wrestone A. and Konnosu S. Rev. Seient. Instr. 
1962, Ne 4, p. 422. 

146. lepyaxuuu M, Jint#arpeu H. Hexoropwe npuMene- 
HUA TYHHeALHDIX DH0a08. B c6. «TynneabHbe wnorbl». 1131-80 HHo- 
ctpannom sutepatypur, 1961. 

147. Burt A. A. K teopay ckptnnyHoft crpyHn. KT®, 1936, Ne 1. 

1448. Nagumo J. Schimura M. Proc. IRE, 1961, Ne 8, 
p. 1494, 


149. «[oaynposoaHHkoBe MpHOopy c OTPHUATe.1bHDIM COMpoTis.tc- 
HHem». Focaxepron3iat, 1962. 

150. Hussey L. W. Proc. IRE, 1950, v. 38, Ne I, p. 40. 

151. Anapees C.H, BanwKkosa MM, Cepe6penosn B.A. 
Tipumencune eppHtos Aaa reHepHpOBaHHa MOULHWIX HMMyAbCOB BLIco- 
KOFO HanpAKCHHA HaHOceKyHAHOH ANHTerbHOCTH. «IpHGopm H TcXiitka 
axcnepHMenta», 1962, T. 7, Ne 3, crp. 89. 

152. Kult K. Slaboproudy Obzor, 1958, Ne 5, p. 292. 

153. Kanopcexua A. C, a hee Jl. B., Kopor: 
kux H. B, Bo3nHecenckuh B. H. Snextponnsie metonm renepa- 
UHH CBEpXKOPOTKHX HMNyabcos. YOH, 1957, t. 63, Ne 4, ctp. 801. 

154.Cornetet N. H, Josenhans J. G. Frans. IRE, 
v. EID-8, 1961, Ne 6, p. 464. 

155. Fopaues JI. B. Vipumenenne xpicratauveckHx  HO10B 
8 CXeMaXx OFPaHNdeHnR RanoceKyHAHWIX HMMybCcos. «Tpynm Toppkos- 
ckoro noauTexHuyeckoro MHCTHTYTa», 1958, porn. 1 


156. Mamerpunw B. A. TenepHposanne MH.1.1HMHKpOCeKYHAHBIX 
HMMYy.1bCOB C HEICOKOM YacToTOH CcnegoBaHHA. Pagnotexunka, 1998, T. 133, 
Ne 11, erp. 27. 

157. Kohn G. Arch. Electr. Obertragung, 1958, Ne 3, S. 109. 

158. Beck A. C. Bell Syst. Tech. J. 1956, v. 35, p. 35. 

1589. Beck A. C. Trans. IRE, MTT-3, 1955, Ne 6, p. 48. 

160. Roraaxun A, B. Annapatypa aaa uccremoBannA HeOoaio- 
poauocteli B BO.1HOBO.1aX HAaHOCeKYHAHWMH HKMMy.IbcaMu. «ParHOTeXHAKa 
H aaeKTpoHukar, 1959, T. 4, Ne 5, crp. 894. 

161. Toraxkun A. 5B. Meroa onenxn xpatsahwea aaatea,HocTH 
Ppaanoumnyabcos B ycTpolictBax CBepXBBICOKHX “acTOT. <IneKTPOCBA3b», 
1963, Ne 2, erp. II. 

162. Beneposcnuna JH. Mypro B. M. K sonpocy o 803- 
GyMcleHHH HAaHOCeKYHAHLIX HMMYABCOB MpH NOMOULH ‘TeHepatopHoa JIBB. 
«Pagnotexnika 1 SaexrponiKa», 1958, 7. 3, Ne IL, erp. 1404. 


Prop. 0/5 


Doc = 88676735 Poese Jo | lo 


163. Burrus C. A. Rev. Scient. Instr, 1957, v. 28 Ne 12, 
. 1062. 

: 164. Dietrich A. F. Proc. IRE, 196!, v. 49, Ne 5, p. 972. 

165. Kihler -L. V. Proc. IRE. 1961,.v. 49. Ne 7, p. 1204. 

166. Sterzer F. Trans. IRE. EC-8, 1959, Ne 3, pt. 

167. Eckhardt W., Sterzer F. Proc. IRE, 1962, v. 50, Ne 2, 
. 148. ' 
‘ 168. Schwarzkopf 1. B. Microwave J. 1962, v. 5, Ne 10, 

. 172. 

F 169. Tposoponcknal WO. WH. Venantean c¢ pacnpererentin 
NOCTOAHHLIMH Kak CiCTeMa MHOronotiOcHHKOB, ¢PaqiuTeXHKa H 39-1eK- 
TpoHukay, 1957, Bun. I, ctp. 57. 

at Cudopos B. H. Pagionpiemusie yctpoiictsa. Boent3aar, 
1954. 

171. MamMoukun H. Lf. Henyascnete ycuautean. Tocanepron3- 
nat, 1958. 

72.:Erchholr J. J, Nelson C. E, Weiss G. T. Rev. 
Scient. Instr., 1959, Ne i, p. 1. 

173. MacMullen. Rev. Scient. Instr., 1959, Ne 4. 

‘174. Cumonos WO. JI. K reopnu RC-ycuadterea wa TyHHeAbHBX 
Avoaax. «Paanotexuitka», 1962, r. 17, Ne 12, crp. 52. 

175. Chirlian P. M. Proc, IRE, 1960, Ne 6, p. 1156. 

eres N. F.. Wacker A. G. Proc. IRE, 1961, Ne 4, 
p. 835. 

\77. Hines M. Bell Syst. Tech. J., 1960, Ne 3, p. 477. 

178. Konotos O. C, Hakuruua T. H. Yenaenne nattoce- 
KYHIHBX HMAyabcos. «H3nectin AH CCCP», cepun pu3anyeckan, 1961, 
Ne 5, crp. 624. ; 

179. Koaotos O.C, Jia6Ganhos 10. H. Yeuaenne xoporkux 
HMNYABCOB pH HMnyaAbCHOM niTaHHH Jama ycH.1nTe.a. «[IpH6opy u 
TexHHka 3kcnepHMentas, 1961, r. 6, Ne 2, ctp. 94. 

180. Bepetrenunxos A. H, Aseptenkos B. A. Ero- 
pov A.T.,, Cnexos W. A. Ycuauterabuan npictaBKa Aaa dororpa- 
cpuposanna ee ummyaecos. «[lpH6opm H TexHHKka S9KCnepHMeHTas, 
1961, r. 6, Ne I, crp. 104. 

181. Danyvenko C. TI. Mpo6reme touxoro H3MepeHHA BpeMeHH 
H HCCAeTOBaHHA MpotleccoB cBepxMa.OA 3AuTenbHocTH, «[IpxO6opu H 
TexHHKa 9KcnepuMeHta», 1961, t. 6, Ne-l, erp. 5. 

182.Crexoapunukos H. C. Ocunanorpapuposanue co cKo- 
poctbio 3ankcH, O2H3KoA K cKopocru cBera. «/loxaaan AH CCCP», 
1946, t. S4, Ne 6, crp. 499. 

183. Jonnson J. Philips Techn. Rev., 1950, v. 12, Ne 2, p. 52. 

18. Teymun H. H. Sxkcnepumentanbnaft anaau3 nepexosHbix 
Mpowleccos 8 .WtHeMHEIX ateKTpH¥ecKHX wenax. 33-80 «Cosercxoe pa- 
Ano», 1956. 

185. Baprewes JI.C, Pae6osny fF. B, fopaves J.B, 
Wapos 10. A. Hunyavcus cxopoctuoh ocunanorpay. <lpx6opa x 
TexHHka akcnepHMentas, 1958, 7. 3, Ne 4, crp. 60. 

186. Byxun A. H, Onaannos M. M, Heaes A. 9. Ocnw- 
Norpaduposanve KoneGanHA ceepxosicorux qactor. H3a-s0 Jlennurpaa- 
oxoro yHiipepcuteta, 1963. 


j 
i 





Lt ARATE Mee Em 


WMH ae 


Now = YS076 735 


187. Bapreneas 1. C, Paeégosuy fF. B, Mruuea K. H. 
CaepxcxopoctHolt uMayabcHul Ocunatorpad. «IIpH6opp HW TexHHKa 
axcnepumentas, 1961, 1. 6, Ne 6, ctp. 80. 

‘188. Cathode ray Tube «KR-32, J. Seient. Instr, 1958, v. 35, 
Ne 3, p. XIX. 

189. Ardenne M. Hochfrequenztechnik und Electroakustik, 
1939, B. 54, Ne 6, S. 181. 

190. Fae6Gounns4 [. B. O apemennoh pa3spemaiwumed cnocoGHocru 
CKOPOCTHHX H cTpOGocKoNH4ecKHX OcuHAAOrpados. «iamepnterbHan 
texuitka» (B TevaTH). 

191. Baprenes 1. C, FaeGosua FT. B, Aruuwn K. EF. 
OcoSetHoctH pazpaG6orKi cBepXcKOpOcTH< OCcuHAAOrpaos. «Tpy.u 
Toppxosckoro =moantexnuyeckoro uncTHTyta», 1964, 1. 20, sein. 2. 

192. Jleonos A. M. Feneparop passeptkis 2.18 cKkopoctuoro oc- 
mirrored: «H3sectun § sy308», Paguotexniika, 1961, Tt. 4, Ae 3, 
ctp. 335. 

. 193. Bapuuos K. B. O cra6uabHoctH MomeHta 3anycxa 6.10- 
Kuuf-reHepatopa. «Tpyani MockoscKoro aBsHKauHOHHOrO HHCTHTYTAa», 
1960, Bein. 126, crp. 83. 

194. Toxounos B. H. Bosaeictane Maax daoKtyaunii na »1eK- 
TponHoe pete. «Bectnuk MPY», cepxa u3xKo-marematnyeckan, 19.56, 
Na 5, erp. 31. 

195. Crparanosna P. JI. Hs6pannme sonpocm reopun ¢.110K- 
tyaunit pithoresnike: H33-s0 «Cosetckoe panto», 1961. 

196. Yaapos H. A. Tenepatop passeprkn c MaaM speMeneM 
pean «[pu6opm Hu TexHHKa 3kChepuMeHta», 1961, Tt. 6, A? 9, 
ctp. 178. : 4: 

197. Koaotos O. C, Canun A. A, WuasGepcxwua 3. 
Tipu6op 3.19 HanaakH uMny.DCHOA annapatyph HaHOCceKyHAHOrO AKana~ 
30H. a pore H TeXHHKa g9KOTepHMeHTa», 1961, T. 6, Ne 5, crp. 82. 

198. Boa B. A. K teopun crpoGockxonuyeckoro ocuuastorpada. Pa- 
Anotexnuka, 1958, t. 13, Ne 8, crp. 63. 

199. Boa B. A. O socnpoxn3segennn crpo6ockonHyecKitM OCILH.1.10- 
rpaspom NepHOAHYeECKHX CHTHA.10B NPOH3BObHOM opMbl. «PaaHOTeXHH- 
ka», 1959, r. 14, Ne 3, ctp. 69. 

200. Goodall W.M, Dietrich A. F. Proc. IRE, 1960, v. 48, 
Na 9, p. 1591. 

201. Mapanu B. I. Mpu#mMenenne ctpo6ockonuyeckoro meroija 
AAA H3MePeHHA NepexOAHX MpOWeccoB MO.1yMpoBOAHHKOBHIX npHGopos. 
B c6. «IlonynposoawHkosnie npX6ophl H HX npHMeHenHes, aun. 8. 
H3g-80 «<Cosercxoe paguos, 1962, crp. 137. 

202. Farber A. S. Rev. Scient. Instr. 1960, v. 31, Ne 1, p. 15. 

203. Louis H. P. Elektron. Rundschau, 1960, B. 4, Ne 4, S. 13:. 


204. Dietrich A. F., Goodall W.M. Proc. IRE, 1960, v. 48, 
Ne 4, p. 791. 

205. Sugerman K. Rev. Scient. Instr., 1957, v. 28, Ne 11, p. 933. 

206. Starke L. Elektronik, 1961, B. 10, Ne 12, S. 812. 

207. Rarity J, Roberts H, Saporta L Proc. Nation, 
Electron Conf., Chicago, 1958, v. 13. . 

208. Tpa3snes M. HH. Yeipoictso aaa waMepeHHA JaitreaLHocti 


uMny-ipcos. Astopckoe cBHaete.bcTBO Ne 136792. «Bioanctenh nsoGpete- 
pnhs, 1961, Ne 6, 


Pooe fol7 


oe 


ORGANIZATION 


A205 DMAHTC 

A210 CMAAC 

C509 BALLISTIC RES IAB 
C510 R&T LABS/AVEADOM 
C513 ARRADOOM 

C535 AVRADCOM/TSARCOM 
C539 TRASANA 

C591 FSTC 

C619 MIA REDSTONE 

poos MISC 

E053 HQ USAF/INET 

E404 AEDC/DOF 

E408 AFWL 

£410 AD/IND 

E429 SD/IND 

PO005 DOE/ISA/DDI 

POSO CIA/OCR/ADD/SD 
AFIT/LDE 

FID 

cc 


MIA/PHS 
LLYL/CODE 1-389 
NASA/NST-44 
NSA/TS13/TDL 
ASD/FTD/TOLA 
FSL/NIX-3 


FTD-ID(RS}T-0767~-88 


DISTRIBUTION LIST 
DISTRIBUTION DIRECT TO RECIPIENT 


MICROFICHE 


PUP PPP PPR PAPE ee Pee 


PHM HRP 


PEM pe 


ce eae ROT 


age tpl eck eA 


209. TpxuzsHoan M. H. H3mepeuite AaMILMITY.L KOPOTKHX HM- 
nyapcos. COopink 20K.1a-l08 HaysHo ceccun HTO Pud um. A.C. Mo- 
nosa, M., 1959. 

210. Harbert J, Fresser D. Wireless Eng. 1955, v. 32, 
Ne 7, p. 187. 

211. Tpasnos M. H. Huterpaasnne swetorw H3MEpeHUA HEKOTO- 
PbIX MapaMeTpos HaHOceKYHANMX HMny.bcoB Majoit axnantyau. o- 
Klaabt natoit Beecowsuoit Kowpepenuns mo aBTOMaTHKe i 9.1eKTpoMe- 
tpuu. Cu6upckoe otaertennc AH CCCP, 1963. 

212. Tpa3snos M. H. Cnoco6 u3mepenna aMnauttyab HM Qaul- 
TEAHOCTH HAHOCeKYHANLIX HMMy.ibCop Mato amnantyap. Jlokraap 
19-f Beecow3xoii payanon ceccHH, MocsauieHHo ILHio panto, Paanons- 
Mepenua, 1963, cTp. 

213, Gaddy O L. Trans. IRE, 1960, 1-9, Ne 3, p. 326. 

214. Agouridis D. C. Rev. Scient Instr., 196° v. 33, Ne 12, 


1396. 

215. Elliott J. Bell Labor. Rec. 1949, v. 27, Ne 3, p. 221. 

a6. Fletcher e Rev. Scient. Instr., 1949, v. 20, Ne 12, p. 861. 
aa , Ville J. Cables et Transmission, 1948, 

218. Miller S. E. Proc. HERE, 11953, Ne 3, p. 240. 

219. Uepnymwenxo A. M, Yetawoska 2.19 Hec.1e10BaHita BLCO- 
KOWACTOTHEIX TPaKTOB H 3aMeAAAIOULHX CHCTeM Ha@HOCeKYHAHEIMH HM- 
nyapceaMn. C6opHuk 20kK2a20B HayyHon cecctn HTO Pu um. A. C. To- 
nosa, M., 1959, ctp. 99. 

920. Halverson H. Electronics, 1961, v. 34, Ne 26, p. 28. 

22!1.Melrog D.O., Clesson H. f. Proc. IRE, 1960, v. 48, 
Ne 2, p. 165. 


Pooe 70/9 


SeeeT gee ee 


